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foreword 


This issue marks the beginning of the third year of publication of Reactor Core 
Materials, one of a series of Technical Progress Reviews prepared for the 
U. S, Atomic Energy Commission, Reactor Core Materials is written by staff 
members of Battelle Memorial Institute. Our objective is to provide a ready 
source of information about the latest significant developments in the field, 
with enough facts to satisfy the general reader and ample references for those 
who wish to obtain more detailed data. 


R. W. DAYTON 
E. M. SIMONS 
Battelle Memorial Institute 








— 
-_: 


— 


ouur & DN DY 


eS 
o-AI1FD WwW O 


22 


22 
22 
23 
24 
26 


28 


28 
29 
30 


32 


32 
35 
39 


42 
45 





contents 








Foreword 


I 


II 


Ill 


IV 


FUEL AND FERTILE MATERIALS 


Unalloyed Uranium 

Alpha-Uranium Alloys 

Gamma-phase Alloys 

Epsilon-phase Alloys 

Dilute Uranium Alloys 

Plutonium and Its Alloys 

Thorium and Its Alloys 

Dispersion Fuel Elements 

Refractory Fuel and Fertile Materials 
Diffusion Studies 

Mechanism of Corrosion of Fuel Alloys 
Basic Studies of Radiation Effects in Fuel Materials 
References 


MODERATOR MATERIALS 


Graphite 

Beryllium Metal and Alloys 
Beryllium Compounds 
Solid Hydrides 

References 


NUCLEAR POISONS 


Metallic Poison Materials 
Dispersion-control Materials 
References 


CLADDING AND STRUCTURAL MATERIALS 


Corrosion 
Radiation Effects in Nonfuel Materials 


Selected Metallurgical Aspects of Cladding and Structural Materials 
Selected Mechanical Properties of Cladding and Structural Materials 


References 


iii 








contents (continued) 


V SPECIAL FABRICATION TECHNIQUES 


Melting and Fabrication 
Cladding 

Explosion Forming 
Welding and Brazing 
Nondestructive Testing 
References 








Issued quarterly by the U. S. Atomic Energy Commission. Use of funds for printing this 
publication approved by the Director of the Bureau of the Budget on November 1, 1957. 


iv 








REACTOR CORE MATERIALS 


FUEL AND FERTILE MATERIALS 





Unalloyed Uranium 


Single crystals of alpha uranium have been in- 
vestigated at Argonne National Laboratory.’ 
Thermal-expansion characteristics were ob- 
tained by dilatometric measurements in the 
three principal crystallographic directions, over 
the temperature range of 25 to 650°C. Least- 
mean-square fitted equations representing these 
directions and volume as functions of tempera- 
ture are as follows: 


L[100],= L[19C}ore (1 + 23.53 x 107° ¢ 
+ 13.74 x 107* t? + 9.94 x 107"? £3) 


L[010],= L[010|orc (1 + 1.16 « 10-6 t 
— 9.43 x 107° #2? - 11.79 x 107"? £3) 


L{001],=L[001]yo¢ (1 + 19.38 x 10-6 t 
. 21.58 x 107° #2 + 3.32 x 107" £3) 


V, =Voec (1 + 43.98 x 107° ¢ 
+ 26.88 x 107° ¢? + 1.00 x 107"? £4) 


Comparison of fraction expansions of single 
crystals with those derived from measurements 
of lattice parameter indicates that portions of 
the latter data are subject iu errors because of 
elastic interactions between grains of polycrys- 
talline samples. Contraction in the [010] direc- 
tion is restrained by the interactions as is ex- 
pansion in the [001] direction. Single-crystal 
and lattice-parameter data for volumetric ex- 
pansion and expansion in the [100] direction 
agree well. 

The recrystallization of deformed single crys- 
tals of alpha uranium was also studied. The 
orientation relations between deforrned single 
crystals of alpha uranium and recrystallized 
grains grown in them by annealing can be ex- 
rressed as 27.5-deg rotations about axes located 
70.0 deg from [100], 63.5 deg from [010], and 


34.0 deg from [001] of the deformed orientation. 
The rotations are clockwise about two of the 
axes and counterclockwise about the other two. 
In deriving these relations, it was necessary to 
consider the recrystallized grains as originating 
from deformation-twin orientations as well as 
from the parent-crystal orientation. The rela- 
tion agrees well with experimental observations 
of recrystallization textures developed from de- 
formation textures for polycrystalline rod and 
sheet uranium treated in the alpha phase. 

The atom movemenis and dislocation struc- 
tures for plastic slip in single crystals of beta 
uranium are topics of a recent investigation.° 
The crystallographic elements of slip have been 
interpreted in terms of formalized atom move- 
ments compatible with the structural charac- 
teristics of the crystal. Dislocation structures 
for accomplishing the movements have also been 
derived. A critical part of the general problem 
lies in the fact that the unit cell of the simple 
tetragonal lattice contains the relatively large 
number of 30 atoms, which are arranged ina 
sufficiently complex manner to obscure any 
ready identification of a slip interface. The 
crystal structure is described, and the over-all 
structural requirements of any deformation 
model are deduced. It is then shown that the 
structure permits a flow process based on a 
double interface, i.e., the slipping portions of 
the crystal are separated by a volume or zone 
of atoms which is needed to maintain structural 
continuity during the flow process. The widthof 
the zone corresponds to a single-lattice spacing 
normal to the observed slip plane of the lattice. 

Alpha uranium was found tobe slightly strain- 
rate sensitive.‘ For instance, the effect of in- 
creasing the strain rate from 2.5 x 10~° per 
second to several hundred per second was to 
raise the stress, at any strain less than 4 per 
cent, by approximately 10 per cent. After about 


1 





REACTOR CORE MATERIALS 


4 per cent strain, the strain-rate sensitivity was 
found to decrease with increasing deformation. 
It was also found that the variation of dynamic 
strength of alpha uranium with temperature is 
small. Decreasing the test temperature from 15 
to —84°C causes a rise of only about 5 per cent 
in the dynamic stress-straincurve. Alsoinves- 
tigated was the effect of grain size on the dy- 
namic strength of uranium. It was found that, 
for identical test conditions, the derived stress- 
strain curve for the beta-quenched material was 
approximately 10 per cent higher than that for 
the as-cast material. 

The French’ report on a simple technique 
which allows preparation, from massive sam- 
ples of uranium, of slices thin enough to be ob- 
served directly with the electron microscope. 
Some micrographs and microdiffraction plates 
show that these slices are composed essentially 
of metal and are covered by only a thin film of 
oxide. 

Another investigation’ describes the prepara- 
tion of uranium powder by the reduction of UO, 
by calcium and the preparation of powder com- 
pacts by sirtering under high pressures and 
temperatures. Compact densities of 18 g/cm® 
were obtained. Thermal cycling of the uranium 
compacts between 20 and 520°C for 1000 cycles 
did not show the stability hoped for, despite the 
presence of randomly oriented uranium parti- 
cles. (M. S. Farkas) 


Alpha-Uranium Alloys 


The Swiss’ have studied uranium-iron alloys. 
It was found that small amounts ofiron stabilize 
beta uranium on quenching. The undercooled 
beta phase may be transformed isothermally 
into the alpha phase by a martensitic transfor- 
mation. Thermal cycling from 50 to 500°C was 
used to compare the stability of the uranium 
alloys containing varying amounts of iron. As 
iron was increased from about 1 wt.%, its effect 
on longitudinal growth and surface roughening 
became markedly beneficial. This increased 
resistance to thermal cycling is indicated by the 
constitution of these alloys, which shows that 
they contain large amounts of U,Fe inthe 1 wt.% 
iron range. It is thought that the U,Fe may re- 
strain the growth of uranium. 

Investigators at Ames® have delineated the 
uranium-hafnium equilibrium diagram. Hafnium 
increases the alpha-beta transformation on 


heating from 668 to 676°C and lowers the beta - 
to-gamma transformation to a eutectoid at 
733°C and 4.5 at.% hafnium. At high tempera- 
tures the body-centered-cubic uranium and 
hafnium are solubie inall proportions. The low- 
temperature allotropes of uranium show very 
little solubility for hafnium. No intermediate 
phases are present in this system; however, a 
monotectoid reaction occurs at 1150°C and 55 
at.% hafnium. 

Results of mechanical-property tests at Atom- 
ics International’ on cast alloys of uranium- 
3.5 wt.% molybdenum—0.1 wt.% aluminum and 
uranium—3.5 wt.% molybdenum —0.5 wt.% silicon 
alloys at 900°F are presented in Table I-1. 


Table I-l1 MECHANICAL PROPERTIES OF 
URANIUM-MOLYBDENUM TERNARY ALLOYs® 
U-3.5 wt.% 
Mo—0.1 wt.% 

Si 


U-—3.5 wt.% 
Mo—0.1 wt.% 


Yield strength, psi 55,000 
110,000 71,900 
Elongation in 2 in., % 1.4 0.5 
Secondary creep, %/hr: 
At 10,000 psi 0.25 1.81 
At 40,000 psi 0.4 
At 45,000 psi 0.68 
At 50,000 psi 2.6 


Tensile strength, psi 





When these alloys were cycled from 900 to 
200 F for 1000 cycles or more, no significant 
change in these properties was observed. Fur- 
ther investigation on high-uranium alloys with 
respect to radiation damage is also reported. 
Experimental seven-rod elements irradiated in 
the SRE (Sodium Reactor Experiment) were ex- 
amined. The rods of these elements contained 
different fuels and attained a maximum burn-up 
of 850 Mwd/ton at a maximum fuel temperature 
of 1000°F. The increase in length and diameter 
and decrease in density are summarized ‘in 
Fig. 1. 

A book"® by Harrington and Ruehle, of genera! 
interest in the field of uranium and alpha- 
uranium alloys, has been published recently. 

(M. S. Farkas) 


Gamma-phase Alloys 


An AEC Civilian Reactor Review Group"! has 
summarized the potential and problems asso- 
ciated with the use of gamma-phase uranium 
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resistance measurements, X-ray diffraction 
patterns, and metallographic examination serve 
to illustrate the phenomenon, the results being 
similar to those obtained by American investi- 
gators in which homogenization of two-phase 
structures to yield asingle-phase gamma struc- 
ture is observed. The homogenization is de- 
scribed in terms of diffusion at phase interfaces 
occasioned by thermal spikes. The thermal- 
spike size and energy dissipated are calculated 
as 2.5 10~'’ cm® and 2 Mev, respectively, 
which are smaller than previous estimates 
based on the thermal-spike concept. 

(A. A. Bauer) 


Epsilon-phase Alloys 


An AEC Civilian Reactor Review Group” 
points out the potential and problems associated 
with the uranium-zirconium anduranium-silicon 
epsilon-phase alloys for power reactor use. In 
general, additional effort appears tobe required 
to resolve the material possibilities. 


Uranium-Silicon 


Workers at Argonne’® ran a corrosion test on 
a bare sample of the uranium—3.8 wt.% silicon 
alloy irradiated to a burn-up of 0.085 at.% in 
260°C degassed, distilled water. After31.4days 
it exhibited a corrosion rate of 0.1 mg/(cm’) 
(day). After 62.8 days the sample was found to 
be cracked, and fragments continued cracking 
during the remainder of the 75.7-daytest. There 
was no hydrogen buildup. A similar sample clad 
on the cylindrical surface with Zircaloy-2 and 
irradiated to a burn-up of 0.069 at.% showed no 
change after 46.4 days of test in 260 C water. 
After an additional 32.5 days, severe corrosion 
on the part of the core adjacent toa notch in the 
cladding was observed, and the cladding was 
found to have cracked there. (A. A. Bauer) 


Dilute Uranium Alloys 


Aluminum-Uranium 


Kinetic studies of the UA1,-UAI, transforma- 
tion are reported by Boucher.’’ Following an 
oil quench from 750°C, it was found that, after 
annealing for 1 hr at 600 C, all UAI,in a binary 
alloy containing 40 wt.% uranium had trans- 
formed to UAl,. On the other hand, a 35 wt.% 
uranium alloy to which 0.1 wt.% silicon was 


added was annealed for 100 hr at 600 C befor 
transformation was complete, and in the case< 
a 35 wt.% uranium alloy containing 0.6 wt. 
silicon, the UAIl, was retained after 1000 hr 
This work corroborates the resuits of Battell 
and Oak Ridge, which show that UAI, can be re 
tained by ternary additions. 

Heat-treatment for 10 hr at 600°C seems to 
produce a substantial improvement in the roll 
ability of binary alloys containing 10.8 and 25. 
wt.% uranium. This treatment decreases the 
hardness and coalesces the UAI, into nodules 
It is also reported that the homogeneity domain 
for UA], is between 64.2 and 66.3 wt.% uranium 

Additional work at Battelle indicates furthe: 
advantages that can be obtained from ternary 
additions to the 35 wt.% uranium alloy. Tin, 
when added in amounts of 0.5to3.0wt.%, greatly 
increases the fluidity of the molten alloy. The 
maximum fluidity appears to occur at a tin 
composition of 1.5 wt.%. This alloy, when melted 
and cast under air-melting conditions, produces 
an exceptionally sound ingot. Additions of zir 
conium do not seem to change the fluidity from 
that exhibited by the binary. If all other proper- 
ties of the tin-containing alloy are good, it is 
possible that this alloy, at an optimized tin con- 
tent, would be a desirable replacement for the 
binary fuel alloy. 

Recent studies’ have shown that the ternary 
eutectic temperature of aluminum-uranium- 
nickel is 624+2°C, which is below the binary 
eutectic of both the aluminum-nickel and the 
aluminum-uranium alloys. The estimated ter- 
nary eutectic composition is aluminum —13 wt.% 
uranium —5.6 wt.% nickel. 


Niobium -Uranium 


Binary niobium-uranium alloys containing 10, 
20, 30, 40, 50, and 60 wt.% uranium are being 
studied at Battelle."*-** Corrosion tests in 
both 600 and 680°F water have continued for 126 
days. All alloys began losing weight within a 
period of 112 to 126 days in 600°F water; the 
alloys tested in 680 F water began losing weight 
after an exposure of 98 days. The oxide formed 
in these cases was brown in color and spalled 
from the specimen surface. 


Miscellaneous Alloys 


The French” have studied the uranium-iron 
system, particularly for low iron compositions. 
They report a solubility of iron in beta uranium 
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of 1000 ppm at 762°C and about 700 ppm at 
672 °C. 

Beaudry and Daane”™ have studied the constitu- 
tion of the uranium-antimony system, and they 
report the presence of four intermediate phases: 
USb, USb, (peritectic decomposition at 1355°C), 
U,Sb,, and U,Sb; (melts congruently with U;Sb,). 
At 1850 and 1800°C, respectively, a eutectic 
exists between U,Sb, and USb, which melts at 
1770°C. The USb,, U;Sb,, and USb are line com- 
pounds, and U,Sb; has a solubility range of about 
1.5 at.% at 1700°C. The solubility of uranium in 
antimony is 0.1 at.% at 650°C and 1.5 at.% at 
900°C. 

The constitution of the bismuth-uranium sys- 
tem in the composition range of 0 to 35 at.% 
uranium has been investigated by Cotterill and 
Axon.28 The compounds UBi, and U,;Bi, were 
located, as was the liquidus for the region of 
interest. (R. F. Dickerson) 


Plutonium and Its Alloys 


An attempt has been made” to produce high- 
purity plutonium by fused-salt electrolysis. The 
electrolyte consisted of a lithium chloride— 
potassium chloride eutectic with 7 mole % plu- 
tonium tetrafluoride added. Bath temperature 
was between 400 and 450 C. The anode rods 
were impure biscuit plutonium, andthe cathodes 
were strips of molybdenum. Initial current den- 
sity was 0.6 to 8.3 amp/cm’®. Analyses of the 
electrolytic plutonium as determined by Argonne 
and Los Alamos are shown in Table I-2. 


Argonne‘ has cycled 16 plutonium alloy pins 
200 times in sodium between 50 and 500°C. 
Weight changes varied from —0.48 to +0.04 per 
cent, length changes varied from +0.05 to +1.72 
per cent, and density changes varied from —0.03 
to —1.50 per cent. Property data before and 
after thermal cycling are presented in Tables 
l-3 and I-4, respectively. 

Thermal-conductivity values of a cast 
uwranium—20 wt.% plutonium—10 wt.% fissium 
alloy were determined by a comparison method, 
using Inconel X as the reference material. Data 
are shown in Table I-5 and Fig. 2. The maxi- 
mum error is estimated to be 10 per cent. 


The thermal expansion of an injection-cast 
uwranium-—20 wt.% plutonium—10 wt.% fissium 
alloy was measured” by a dial-gauge quartz- 
push-rod dilatometer. Plots of expansion of the 
specimen versus temperature for the first five 


cycles are shown in Fig.3. After the first cycle, 
the average coefficient of expansion was 16.7 x 
10-*/°C from 20 to 510°C and 18.8 x 107*/°C 
from 200 to 500°C. Above 610 C, the coefficient 
of expansion increased with successive cycles. 
The coefficients of expansion calculated from 
the heating curves before and after transforma- 
tion are listed in Table I-6. 

The crystal structure of PuNi has been found‘ 
to be orthorhombic, space group Cicm, with 
a=3.59+0.01 A, )=10.21+0.02 A, and « = 
4.22 + 0.01 A, and four formula units per unit 
cell. Calculated density is 12.9 g/cm’ 


(V. W. Storhok) 


Thorium and Its Alloys 


A paper by Eash and Carlson’® of Ames de- 
scribes the constitution of thorium-yttrium 
alloys. The constitutionai diagram shows com- 
plete solid miscibility between body-centered- 
cubic (bcc) thorium and a newly discovered 
high-temperature allotropic form of yttrium. 


Table 1-2 COMPOSITION OF ELECTROLYTIC 
PLUTONIUM® 


(Data Are in Ppm; Isotopic Analysis Is in Per Cent) 


Source 
== Analytica) 


Element ANL LASL method 


H 2 N.A.* 
Cc 27- 300 
N : N.A. 
Oo : N.A. 
Al 5 5 
Cr 5 5 
Cu 

Fe 5 Spectrochemicalt 
K 

Li 

Mn 

Mo 

Pb 


Si 


Chemical 


Am?**! Spectrochemical 
Corrected to date 

of electrolysis} 
Pu? 93.57 
Pu’! 5.95 
Pu! 0.465 


Pu*** 0.0167 


Radiochemical! 


Mass spectroscopy 


*N.A. indicates not analyzed. 

tAll other elements below limits of spectrochemical 
analysis. 

tRule of thumb: Am? 
isotopic composition at a rate of about 20 ppm per month. 


ae grows into plutonium of similar 








Nominal composition, 
wt. % 

90 U-10 Pu 
75 U-—20 Pu-—5 Mo 
74.6 U-—20 Pu—5.4 Fs 
69.2 U—20 Pu-10.8 Fs 
71 U-—20 Pu—5.4 Fs—3.6 Mo 
80 U-20 Pu 
95 Th-—5 Pu 
90 Th-—10 Pu 
75 U-—20 Pu-—5 Mo 
75 U—20 Pu-—5 Mo 
74.6 U-—20 Pu—5.4 Fs 
74.6 U-—20 Pu—5.4 Fs 
69.2 U—20 Pu—10.8 Fs 
69.2 U-—20 Pu-—10.8 Fs 
71 U-—20 Pu—5.4 Fs—3.6 Mo 
71 U-—20 Pu—5.4 Fs—3.6 Mo 


_ ——— 


Condition 


As cast 
As cast 
As cast 
As cast 
As cast 
As cast 
As cast 
As cast 
As extruded 
As extruded 
As extruded 
As extruded 
As extruded 
As extruded 
As extruded 
As extruded 


*Readings made on duplicate as-cast pins. 


Table I-4 


Weight 
Weight difference 
S 4 
4.1494 —0.0155 
4.2893 — 0.0337 
2.8457 ~— 0.0137 
3.7145 — 0.0046 
3.7536 — 0.0040 
3.3997 0.0115 
2.5336 + 0.0010 
2.5552 -0.0037 
4.4886 0.0000 
4.4698 0.0007 
4.3502 -0.0012 
4.5107 ~0.0027 
4.1210 + 0.0010 
4.1997 + 0.0008 
4.3576 + 0.0002 
4.2757 0.0000 


~ > 


> & & & & S&P FN NW W WS W OS 
RS it EE a OE a a 


REACTOR CORE MATERIALS 


Density, 


g/cm? 


17.945 
17.590 
16.537 
17.088 
18.636 
11.644 
11.858 
18.004 
17.966 
17.677 
17.657 
16.901 
16.902 
17.188 


17.222 


; > 
18.812 


.8598 
.9406 
.6604 
-8849 
.8535 
.7117 
.8576 
.8510 
.9852 
9873 
-9952 
.0002 
.9847 
.9888 
.9989 
-9851 


Length, 
in. 


Dimensions 


Diameter range, 


Table I-3 PROPERTIES OF SPECIMENS BEFORE THERMAL-CYCLING TEST” 


in. 


.1412—0.1422 
.1407 —0.1420 
.1388 - 0.1390 
.1403—0.1422 
.1416 —0.1420 
.1425-—0.1433 
.1413-—0.1433 
.1413—0,.1436 
.1400—0.1417 
.1404 —0.1404 
.1378—0.1412 
.1408—0.1415 
.1396 —0.1411 
.1400—0.1413 
1396 —0.1413 
.1389-—0 


PROPERTIES OF SPECIMENS AFTER THERMAL-CYCLING TEST“ 


*Small piece had broken off. 


+Pin was dropped and broken in two. 


t 0.1509 in. across pimple. 


Table I-5 
OF A URANIUM- 20 WT.% 


FISSIUM ALLOY“ 


Thermal conductivity (k) 
Temp., °C C: 


205.6 
312.5 
432.6 
534.1 
552.6 
594.7 


il/ (sec) (em) (°C) 


0.0347 heating 
0.0387 heating 
0.0486 cooling 
0.0537 cooling 
0.0568 heating 
0.0530 heating 





Weight 
change Length 
( in. 
- 0.37 -8650 
-0.79* -9426 
- 0,48 
-—0.12 .8855 
0.11 .8576 
- 0.34 .7240 
0.04 8580 
-0.14 8526 
0.00 9893 
0.02 .9893 
0.03 .9981 
0.06 .0039 
0.02 .9878 
-0.02 .9919 
—0.01 .0015 
0.00 ).9879 
THERMAL CONDUCTIVITY 
PLUTONIUM-— 10 WT.4 


Diameter 
range, 


in. 


0.1412-—0. 
0.1412-0. 
0.1385-0. 
0.1409 -0. 


0.1418-0, 
0.1439—-0. 
0.1405-0. 
0.1405-—0. 


0.1406-0. 


0.1408 —0. 


0.1376-0. 


0.1405-0. 
0.1407-0. 
0.1402-0. 
0.1400—0. 
0.1410—0. 


Table I-6 
URANIUM-— 20 WT.% PLUTONIUM-10 WT.% FISSIU M 
CALCULATED FROM THE HEATING CURVES (PER —- 


oe. & 


Length 
change, 


.07 
.48 


+ 0.05 


42 


.20 


.40 
31 
31 


-20 


Density, 
g/cm” 


16.520 
.997 


11.637 
.810 





1414 


.899 


7.609 


.079 





Hardness, 


59.2 —64.0 
73.0—74.5* 
73.0-—79.5* 
74.2—77.0* 
65.0—70.0* 
64.0—65.2* 


77.3-—79.8 
80.0—81.9 
68.1—71.2 
68.8—71.1 
71.8-—74.1 


74.0- 75.0 


Density 
change 


COEFFICIENTS OF EXPANSION OF 


-6 


Coefficient of expansion («10 °/°C) 


14. 


16. 
16. 
16. 
16. 


20-—510°C 


9 
~ 
4 
6 


200 —510°C 


15.6 
18.5 
19.4 
18.3 
18.9 


610-—710°C 


17.2 
19.9 


0.1 
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Figure 2— Thermal conductivity of a 70 wt.% 
uranium—20 wt.% plutonium—10 wt.% fissium alloy.”4 
, heating. O, cooling. 
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Figure 3—Successive thermal-expansion curves of 
aninjection-cast 70 wt.% uranium — 20 wt.% plutonium - 


10 wt.% fissium alloy.” 


This bee allotrope of yttrium exists between 
1490°C and the melting point of yttrium (1515 C). 
The high-temperature solid solution decomposes 
by a eutectoid reaction at 1375 C into a face- 
centered-cubic (fcc) thorium solid solution con- 


taining 21 wt.’ yttrium and a hexagonal close 
packed (hep) yttrium solid solution containing 72 
wt.% thorium. At room temperature the region 
of immiscibility of these two terminal solid so- 
lutions is slightly wider, extending from about 
20 to about 30 wt.% yttrium. The fcc thorium 


solid solution is stabilized by 6 wt.% yttrium to 
a maximum temperature of 1435°C. This con- 
stitutional diagram is further evidence of the 
remarkable chemical and metallurgical simi- 
larity of thorium and yttrium. 

The specific heat of crystai-bar thorium has 
been determined by Ames”® to be somewhat 
‘greater than previously reported. The new de- 
terminations are as follows: 


Temp., “C Specific heat, cal/(mole)(°C) 
25 6.5 
250 7.0 
500 7.5 
$50 8.0 
825 9.0 
900 9.2 


Atomics International*® has measured the vapor 
pressure of thorium over the temperature range 
1757 to 1956 K by the Langmuir vaporization 
method. The results are described by the equa- 
tion 


28780 
log P (atm) = - FORK) + 5.991 

The heat of sublimation of thorium at 1850 K 
was found to be 131 kcal/mole, and the entropy 
of sublimation at 1850 K was found to be 27.4 
eu. It was observed that, at temperatures near 
and above 1900°K, thorium metal reacts with 
oxygen or thorium dioxide to produce gaseous 
thorium monoxide. 

Creep tests by Atomics International’ on 
thorium-—9 wt.% uranium alloy at 600°C show 
that this alloy has appreciable creep strength at 
this temperature and that mechanical work in- 
creases the creep strength at 600 C. The re- 
sults reported are given in Table I-7. 


Table I-7 CREEP OF THORIUM-9 W1 
URANIUM ALLOY® AT 600°C 


Stress Strain rate 

Alloy condition psi ,/hr 
Annealed 4000 0.017 
Annealed 4500 0.033 
Swaged 6000 0.011 
Swaged 7000 0.026 
Swaged 8000 0.060 
Swaged and thermal cycled 5000 0.0035 
Swaged and thermal cycled 5700 0.0060 


Swaged and thermal cycled 7000 0.017 








The British’’ have investigated precipitation 
hardening at 500, 600, and 700°C in thorium- 
aluminum alloys containing up to 5 at.% alumi- 
num, in thorium-uranium alloys containing up to 
3 at.% uranium, and in a few complex thorium 
alloys containing aluminum, uranium, and zir- 
conium. After aging at 600 C, some precipita- 
tion hardening was observed in all the alloys; 
however, the most pronounced hardening was 
found to occur in alloys containing aluminum. 
A thorium—5 at.% aluminum alloy having an 
initial hardness of 125 DPH increased in hard- 
ness to 196 DPH after 4 hr at 600°C. 

Nuclear Metals found’ that the corrosion 
rates of thorium alloys containing 5.1 to 10.3 
wt.% zirconium in 400°F water are one-fifth to 
one-tenth the corrosion rates in 500 F water. 
The data were obtained on bare-end, clad 
samples. A thorium—8.6 wt.% zirconium alloy 
showed a weight loss of 30 mg/(cm’)(hr) in 
500°F water.”® 

Workers at Atomics International’ have ir- 
radiated 12 slugs of thorium—5.4 wt.% uranium 
alloy in the SRE at a maximum temperature of 
1000°F. The slugs were */, in. in diameter and 
6.in. long. At a maximum burn-up of 850 
Mwd/ton, changes in length were only 6 to 10 
mils and no diameter changes were detected. 
The calculated density changes were less than 
those for samples of uranium-1.5 and —1.2 
wt.% molybdenum and uranium—2 wt.% zirco- 
nium alloys, and were much less than those for 
samples of unalloyed uranium irradiated con- 
currently. 

The results of irradiations of 17 samples of 
thorium—11 wt.% uranium alloy have been 
analyzed.*® A plot of the volume increase per 
unit of burn-up of these samples versus tem- 
perature shows that appreciable swelling (pre- 
sumably caused by fission-gas agglomeration) 
occurs in the thorium—11 wt.% uranium alloy at 
about 650°C (1200°F) andabove. The association 
of this temperature with the observation that the 
thorium—9 wt.% uranium alloy has appreciable 
creep strength at 600 C is hardly coincidental. 
It was observed that many of the 17 irradiated 
specimens had bulged at the top to form mush- 
room shapes. This effect appears to be related 
to the change in rate of growth of the thorium — 
11 wt.% uranium alloy as a function of tempera- 
ture near 650°C. It is stated that the bulged 
tops were caused by the fact that the top ends of 
the specimens may have exceeded the measured 
temperatures. Temperatures were measured 
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at the central axis of the specimens just beloy 
the mid-point of the length. (W. Chubb 


Dispersion Fuel Elements 
° A recent Battelle report’! is concerned with 
the development of a dispersion fuel element 
wherein uranium nitride fuel particles are sub- 
stituted for UO, in a stainless-steel matrix and 
cladding. A method of preparing the UN parti- 
cles in which the oxygen contamination is kept 


below 0.1 wt.% is first described. Compatibility f 


studies demonstrated that UN does not react 
with prealloyed or elemental stainless-steel 
powders at temperatures up to 2300’ F, althougi: 
it does react with pure nickel at 1800°F 
Through the use of metallographic examination, 


mechanical-property tests, and corrosion tests, f 


it is shown that good dispersions canbe obtained 


with elemental stainless-steel powders even if § 


the element is fabricated without first sintering 
the core compact. It is concluded that, because 
of the lower volume loading and improved me- 
chanical properties resulting from the use of 
UN fuel particles, a reactor employing a UN- 
dispersion fuel may well have better character- 
istics than one utilizing. UO,-dispersion ele- 
ments. 


The longitudinal and transverse tensile 
strength at room temperature and elevated 
temperature, stress-rupture properties, and 
bend-ductility properties of dispersion fuel ele- 
ments have been measured.” Most attention was 
given to a reference material, 25 wt.% UO, in an 
elemental stainless-steel matrix; in fact, data 
from this study contributed to the selection of 
this particular material. Several variables, 
such as fuel volume, prealloyed versus ele- 
mental powders, and the incorporation of both 
UN and spherical UO,, are evaluated with re- 
spect to their effects on mechanical properties. 

The development and evaluation of a unique 
dispersion material, uranium metal dispersedin 
an yttrium-metal matrix, was undertaken by 
Sylvania. ** Since yttrium and uranium are im- 
miscible with each other in both the solid and 
liquid states, an alloy of these two metals would 
consist of a mixture of yttrium anduranium. By 
means of powder-metallurgy techniques, mix- 
tures of yttrium hydride powders and uranium 
powders were fabricated into solid yttrium 
uranium alloys which were homogeneous dis 
persions of metallic uranium in a matrix o! 
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yttrium. The most satisfactory fabrication pro- 
cedure was to blend yttrium hydride and ura- 
nium powders, compact them at 50 tsi, and sin- 
ter at 1100°C in vacuum. Full-density alloys 
with uranium contents ranging from 5 to 85 wt.%, 
which contained several particle-size fractions 
of uranium, were fabricated by this process. 
Metallographic examination of the various al- 
loys indicated that a structure consisting of 
discrete particles of uranium in a matrix of 
yttrium was obtained in alloys containing up to 
65 wt.% uranium. Alloys containing 85 wt.% 
uranium, on the other hand, consisted of dis- 
crete yttrium particles in a uranium matrix. 

It was found that alloys containing up to 65 
wt.% uranium were stable for extended periods 
of time at 1000 C but that alloys with higher 
uranium contents distorted. The size of the ura- 
nium particle has little effect on the tensile 
properties of the alloys, but the size of the 
yttrium particle has a large effect. Fine parti- 
cles increase the strength and ductility at ele- 
vated temperatures. In thermal-cycling tests it 
was found that alloys containing up to 50 wt.% 
uranium were stable after cycling through the 
beta transformation, but the alloys containing 
65 wt.% uranium or more exhibited surface 
roughening after thermal cycling. Thermal con- 
ductivity and density are shown in Table I-8. 


Table I-8 DENSITY AND THERMAL CONDUCTIVITY 
OF YTTRIUM-URANIUM ALLOYS”™ 


Thermal conductivity 
watts/(cm) (°C) 


Composition, Density, —— 
wt.¥ g/cm* 150°C 200°C 
100 Y 4.27 0.118 
100 U 18.9 0.28 0.3 
5 U-95 Y 4.41 0.117 
25 U-75 Y 5.26 0.119 0.122 
65 U-35 Y 8.89 0.160 0.168 
Table I-9 
300°C 
Uranium 
content Yield Tensile 
wt. strength, psi strength, psi 
5 13,900 16,300 
25 13,800 18,500 
50 22,600 28.400 
50 
85 19,000 23,600 





Elongation 


The tensile properties of the various alloys 
were determined at 300 and 600°C andare given 
in Table I-9. 

A recently published Knolls report’ makes a 
comparison of niobium-vanadium and niobium- 
zirconium binary alloys for use as a matrix in 
UO, dispersion fuel elements. The two alloy 
systems are evaluated on the basis of corrosion 
resistance in water and steam; mechanical 
properties, including room- and elevated- 
temperature tensile and creep properties; fab- 
rication characteristics; and reactivity . with 
UO,. In almost every respect the niobium- 
vanadium alloy is reported to be superior tothe 
niobium-zirconium alloy. (D. L. Keller) 


Refractory Fuel and Fertile 
Materials 


Properties and Behavior of Uranium 
Oxide Fuels 


Two review publications cover the Canadian 
UO, program and UO, technology.*”’** Weber®' 
has presented a review of the Knollsirradiation 
work on UO, fuel. 

The effect of the oxygen/uranium ratio on the 
melting point of UO, has been studied at Han- 
ford.*® UO». »;~2.3, powder, sintered UO, »;, and 
arc-fused UO; 9»; were shown to have the same 
melting point, 2700 C +50 C. Samples were 
melted in helium in resistance-heated 
sten wedge. X-ray analyses of the cooled sam 


tung 


ples confirmed the fluorite structure and showed 
no evidence of reaction between the oxide and 
the tungsten. No measurements of the oxygen 
uranium ratio after melting were reported. 
Osika*® has described a technique for the de- 
termination of the oxygen/uranium ratio in UO, 
based on measurements of the lattice constant 


TENSILE PROPERTIES OF YTTRIUM-URANIUM ALLOYS”™ 


Tensile properties 


600°C 
Yield Tensile Elongation 
strength, psi strength, psi " 
5140 5950 12 
6750 7850 14 
8000 8900 26 
8000 8600 
8300 9200 























oa Bee ee 


© 200 400 600 800 1000 i200 1400 
TEMPERATURE, °C 


THERMAL CONDUCTIVITY, WATTS/(CM)(°C) 


Figure 4— Thermal conductivity of UO, + Y.,O, addi- 
tive.“4 ©, UO). @, UO, + 4 mole % Y,O,. A, UO, + 1 
mole % Y,03. 


Table I-10 THERMAL EXPANSION OF UO, PLUS 
ADDITIVES TO 1000°C IN HELIUM® 


Linear 
~oefficient 
Per cent of of thermal 


theoretical expansion 


Composition density (x 107*/°¢) 
uO, 97 4 
UO, + 1 mole % CeO, 96 9 
UO, + '/, mole % Y,0, 96 7 
UO, + 1 mole % Y,0, 36 11 
UO, + 4 mole % Y,O, 89 10* 
UO, + 4 mole % Nb,O; 96 1] 


UO, + 1 mole % Nb,O,; 93 


To 800°C in vacuum. 


Table I-11 CORROSION OF UO, PLUS ADDITIVES” 
IN 636°F 2000-PSIA STEAM FOR 48 HP 


Per cent of 


theoretical O/U Weight change 
Composition density ratio mg, (cm?) (48 hr)* 
UO, 2.00 + 0.1 
UO, + % mole 
CeO, 1.99 
UO, 1 mole 
CeO, 16 
UO, + % mole 
Y,0, 96 0.1 
UO, + 1 mols 
Y,O, 94 ) 
UO, + ", mole 
Nb,O; 5 2.00 


UO, l mole 
NboO; 
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Table I-12 ELASTIC MODULUS AND COMPRESSIVE 
STRENGTH OF UO, PLUS ADDITIVES* 


Per cent of Elastic Compressiv 


theoretical modulus strength 


Sample density psi x 108 psi x 10 
ud, 9¢€ 27 82 
UO,* 95 29 84 
UO, + 4 mole 

CeO, 87 23 26 
UO, + ', mole ¥ 

Y20, 96 27 66 
UO, + 1 mole % 

Y,0, 97 26 79 
UO, + 4 mole ¥ 


Y,0, 88 36 


*Sintered in hydrogen. 


Table I-13. THERMAL EXPANSION® OF ThO,-UO, 
TO 800°C (DENSITY = 10 g/cm’) 
Linear coefficient 


Composition, wt.¥ 
bs ; of thermal expansion 


rho, UO, Y,0, (x 1078/°C) 
93.6 6.4 9 
92.6 6.4 1.0 10 
80 20 8 
79 20 1.0 10 


Table I-14 CORROSION OF ThO,-UO, 
COMPOSITIONS IN 636°F 2000-PSI STEAM 


Composition, wt 
z Weight change, 


ThO, UO, Y,0, mg/(cm*)(day)* 
100 -0.1 
5 5 + 0.3 
13.6 6.4 0.1 
92.6 6.4 1.0 -0.1 
55 12 0.2 
87 2 1.0 0.1 
80 20 0.2 
79 20 1.0 0.2 
* 


t+ 0.1 mg/(i m*)(48 hr) 


Table I-15 ELASTIC MODULUS AND COMPRESSIVE 
STRENGTH OF ThO,-UO, 


; Per cent of Elastic Compressive 
( ) yn N 
theoretical modulus strength 
Pho, UO, Y>,¢ density psi » 10° psi x 10° 
5 ) 87 
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Polishing and etching techniques*® have also 
been developed for UO, at Hanford. 

Hanford is investigating the growth of UO, 
crystals at high temperature.*! The growth of 


uranium dioxide crystals from powder out-of- 


pile (1700 to 2800°C) and from UO, in-pile 
(~2700°C) was studied. The growth mechanism 
appeared to be the same in both cases. Dendri- 
tic crystal growth occurs by deposition from 
the vapor phase in this temperature range. 

The use of additives to stabilize the structure 
of UO, is still receiving attention at Battelle.”° 
Sintered UO,-La,O;-CaO compacts, containing 
20 to 26 wt.% La,O, and 18 to 23 wt.% CaO, were 
heated in dry, flowing air at 1760°C for 1, 5, 
and 20 hr. The substitution of CaO for part of 
the La,O, results in higher weight losses than 
those observed in UO,-La,O, compacts. 

Bettis is studying the effect of gap clearance 
on the thermal conductivity of UO, pellets fully 
clad with stainless steel.‘**? Diametral gaps 
from 1.5 to 8 mils, containing helium, containing 
krypton plus xenon, or evacuated, are being in- 
vestigated in in-pile experiments at 1 x 10" nv. 
Center-line temperatures are 150to610°C. The 
thermal conductivity of the pin varies over a 
range of 2 to 3 Btu/(hr)(ft)(°F), depending on 
gap size. There is no apparent effect of the ir- 
radiation on the pellet thermal conductivity, 


however. 
The effects of the oxygen/uranium ratio, ir- 


radiation, annealing, and sintering conditions on 
the room-temperature thermal conductivity of 
UO, pellets are reported by Canadian workers. 

A number of UO, fuels and their properties 
are being studied by Sylvania-Corning.‘4:45 UO, 
bodies containing 4 mole % Y,O, have a higher 
thermal conductivity than UO, at 600 to 800°C 
as shown in Fig. 4. Miscellaneous properties of 
a variety of UO, fuels are summarizedin Tables 
I-10 to I-15. (W. S. Diethorn) 


Fabrication of UO-containing Ceramics 


The effect of some process variables on the 
properties of UO, ceramics fabricated from 
ADU-process UO, powder was investigated by 
Chalk River.*® Independent variables investi- 
gated included binder and lubricant content, 
forming technique, presintering treatment, 
ind sintering time and temperature. Depend- 
‘nt variables measured included bulk density, 
“mount of open and closed porosity, carbon 
ontent, and range of diameter of finished pel- 
ets. A proposed flow sheet for plant-scale 


production of UO, fuel components was pre- 
sented. 

In addition to continuation of previously re- 
ported*’ development of swaging as a possible 
low-cost method of fabricating UO, fuel ele- 
ments, Hanford**® has been investigating vibra- 
tory packing as a possible forming technique. 
Crushed and sieved UO, was compacted in',-in., - 
ID, 8-ft-long Zircaloy tubing. When crushed and 
sintered UO, grain was used, the UO, reportedly 
packed to about 85 per cent of the theoretical 
density. Fused UO, could be packed to about 90 
per cent of the theoretical density. 

Atomics International’ has been investigating 
the addition of burnable poisons to UO,. Up to 
5 wt.% samarium, dysprosium, or erbium (as 
oxides) was added to UO,. Specimens were 
pressed and sintered by routine processes. 
Cadmium (added as CdO), indium (added as 
In,O;), and boron (added as B,C) were either 
volatilized or chemically reduced during sin- 
tering. 

PuO, prepared by decomposing plutonium 
oxalate at 300°C was found by Hanford“ to sinter 
more readily in hydrogen than ball-milled PWR- 
grade UO,. The powder reportedly sintered to 
96.5 per cent of theoretical density at 1600°C. 

Sylvania-Corning*® reported on an investiga- 
tion aimed at the development of a procedure 
for the preparation of thoria-urania pellets with 
densities in excess of 90 per cent of the theo- 
retical density by sintering at temperatures un- 
der 1500°C. Compositions containing 6.4, 12, or 
20 wt.% UO, were prepared by precipitation with 
oxalic acid from a thorium nitrate—uranyl ni- 
trate solution, followed by thermal decomposi- 
tion. It was found that decomposition at 600°C 
produced powders that would sinter to greater 
than 90 per cent of the theoretical density at 
1300°C in air. The powders obtained were not 
uniform, and pellets pressed at 40,000 psi tended 
to crack during the early stages of sintering. 
Calcining the powders at 1050°C, followed by 
milling, gave a more uniform product with good 
sinterability. Powder prepared in this fashion 
containing 20 wt.% UO, could be sintered to 
more than 90 per cent of theoretical density in 
air. X-ray diffraction analysis indicated that the 
compositions were solid solutions, but petro- 
graphic examination of sintered compacts re- 
vealed some inhomogeneities. 

Bettis’ has been investigating ZrO,-UO, and 
ZrO,-CaO-UO, solid solutions and ZrO,-UO, 
solid solutions dispersed in BeO. Samples hav- 
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ing densities greater than 96 per cent of the 
theoretical density and open porosities smaller 
than 1 per cent have been prepared. It was ob- 
served that ZrO,-UO, compositions containing 
18 to 46 wt.% UO, appeared to sinter to maxi- 
mum density in the temperature range 1550 to 
1650°C. At higher temperatures, internal voids 
formed within the specimens. The author sug- 
gests that this bloating may be related to dif- 
ferences in furnace operation (specimens were 
sintered in three different furnaces). ZrO,—46 
wt.% UO,, sintered to high density, was found to 
have two phases (cubic and tetragonal) unlike the 
two phases (tetragonal and monoclinic) present 
at lower UO, contents (23 wt.% UO,). Argonne”‘ 
has reported some preliminary fabrication stud- 
ies in the systems UO,-MgO, UO,-Al,0;, UO,- 
ZrO,, UO,-MgO-ZrO,, and UO,-CaO-ZrO,. 

(H. D. Sheets) 


Properties of Refractory Fuels 
Other Than Uranium Oxides 


Uranium monocarbide is reciving more study 
than any refractory fuel other than UO,. As re- 
ported previously, the monocarbide has exhibited 
excellent fission-gas retention and good dimen- 
sional stability at various low levels of irradia- 
tion. A recent report” summarizes the progress 
on the development of UC fuels with particu- 
lar emphasis on (1) mechanical properties, 
(2) physical properties, (3) corrosion resistance 
-in 60°C water, (4) electrical resistivity and 
density as a function of carbon content, (5) ther- 
mal conductivity at elevated temperature, and 
(6) diffusion of carbon and uranium in UC at 
high temperature. 


Because of the rapid reaction of UC with 
water, other heat-transfer media and container 
materials are being investigated. The compati- 
bility of UC with various container materials 
(mild steel, stainless steel, Inconel, copper, 
molybdenum, and iantalum) has been investi- 
gated'® at high temperature. All these metals 
appear to be compatible with UC at 1000°C for 
24 hr. Molybdenum, tantalum, and mild steel 
do not react with UC at 1200°C in 24 hr, whereas 
Inconel and stainless steels in contact with UC 
are destroyed at the higher temperature. 


Although the strength of cast UCis decreased 
by the presence of less than 800 ppm iron, sili- 
con, tungsten, nitrogen, or oxygen, specimens 
annealed at 1500 C show a marked increase 
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(20,000 to 50,000 psi) in the rupture strength of 
these impure castings. 

The melting point of UC (2250°C + 50°C) was 
determined® and compared with that of UO, 
(2700°C + 50°C) and UN (2480°C + 50°C). 

“Published structural data” on UN confirm its 
NaCl type structure. The observed and calcu- 
lated intensities for X-ray and neutron diffrac- 
tion are tabulated. 

The UN-UC system has beeninvestigated me- 
tallographically and by X-ray diffraction by 
J. Williams and R. A. J. Sambell.*! They ob- 
served a continuous series of solid solutions. 
Differences in lattice-parameter data were ob- 
tained, depending upon the method of prepara- 
tion: (1) fusion or (2) solid-state reaction. Simi- 
lar results by other workers were presented in 
a previous review. 

Silicides containing fissionable materials have 
been considered. The USi,-UAl, system is be- 
ing investigated at Hanford*® by X-ray diffrac- 
tion and metallography. There are indications 
that an appreciable solid solubility exists at 
either end of the assumed pseudobinary. 

Harwell” has investigated the physical char- 
acteristics of PuG, crystallization. Various 
salts (nitrate, iodate, sulfate, oxalate, and hy- 
droxide) of platonium were examined micro- 
scopically after thermal decomposition and 
after calcination. Oxide prepared from the sul- 
fate has a low concentration of pores as decom- 
posed and resists crystal growth at high tem- 
perature, and the oxide prepared from the 
oxalate has a high pore density which decreases 
appreciably during calcination. Large oxide 
crystals (10 1) were obtained by decomposing 
the hydroxide, whereas the oxides prepared 
from the nitrate, iodate, and sulfate consisted 
of ~l-y crystals. The large oxide crystals, 
which were ground with difficulty, might be 
suitable for a dispersion type fuel element. 

(D. A. Vaughan) 
Fabrication of Ceramic Fuels 


Other Than Uranium Oxides 


The widespread interest in uranium monocar- 
bide as a nuclear fuel is evidenced by the ex- 
tensive work being done on methods of preparing 
uranium carbide and of fabricating bodies from 
it. Studies of the preparation of uranium mono- 
carbide by the reaction of uranium metal with 
methane and the reduction of UO, with graphite 
are being conducted at Argonne.*® In addition to 
these two reactions, the direct reaction of the 
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etal with graphite at sintering temperatures, 

the reduction of U,O, with graphite, and the re- 
uction of UC, with graphite are under study at 
Battelle (references 19, 20, 50, 53, and 54). 

In fabrication studies, arc melting and casting 
ire being investigated at Atomics International,’ 
Nuclear Metals,”*:**°° and Battelle (references 
19, 20, 50, 53, and 54). Fabrication by induction 
melting and casting and by extrusion of powder 
compacts or of the solid carbide also is under 
study at Nuclear Metals.”*** °° Further investi- 
gations of cold pressing and sintering as a fab- 
rication method for UC are under way at Ar- 
gorne,'® Atomics International,’ and Battelle 
(references 19, 20, 50, 53, and 54). 

Uranium compounds other than the oxides and 
carbides continue to receive attention. In work 
at Atomics International,’ bodies of UAI,, U,Si,, 
UN, UP, US, and UB, are being prepared for 
studies: in connection with the Sodium Graphite 
Reactor (SGR) program. The program at Bat- 
is telle on the effect of fabricating conditions on 





at the density and microstructure of cold-pressed 
and sintered bodies of uranium carbide and ura- 
nium nitride is continuing.” A topical report on 
this phase of the work at Battelle will be issued 
in the near future (M. J. Snyder) 


d Diffusion Studies 


> Self-diffusion studies were made on poly- 
, crystalline gamma uranium at Argonne’’ in 
order to perfect techniques that can be applied 
to the study of self-diffusion in single crystals 
of alpha uranium. Single-crystal studies are 
required because surface roughening due to the 
anisotropic thermal expansion of polycrystalline 
alpha uranium would be larger than the mean 
diffusion penetration and would therefore make 
accurate measurements by sectioning tech- 
niques impossible. The self-diffusion data ob- 
) tained on gamma uranium in the temperature 
region of stability of the gamma phase, 800 to 
s 1070 C, which agree with values given by other 
investigators, show that the techniques of ca- 
thodic sputtering for specimen cleaning and iso- 
tope deposition are satisfactory. The data are 
fitted by the equation 
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D = 2.06 x 107° exp (—28,200/RT) cm*/sec 


| The experimental technique consisted of de- 
| positing a thin layer of uranium (93 wt.‘ U**’) 
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onto a highly depleted (0.0343 wt.% U**’) ura- 
nium sample. Following the diffusion anneal, 
machined surface-layer samples were analyzed 
spectrographically for u’*. The diffusion coef- 
ficients were determined by the least-squares 
method from the penetration plots shown in 
Fig. 5. The activation energy was obtained from 
the Arrhenius plot shown in Fig. 6. 

The self-diffusion of gammauranium was also 
studied by the French” at temperatures ranging 
from 800to1050 C. Activity-penetration curves 
were obtained by alpha emission (measured by 
means of an ionization chamber) of machined 
surface layers of finite thicknesses from diffu- 
sion couples made of natural uranium and ura- 
nium enriched with U’**. The self-diffusion co- 
efficient 


D = 1.8 x 107° exp (~27,500/R7T) cm*/sec 


was determined from these curves. 

A fundamental investigation of interdiffusion 
for intermetallic-layer formation and growth in 
the aluminum-uranium system and the effects of 
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Figure 5-— Penetration plots for self-diffusion in 
gamma uranium,” Diffusion treatment: 1069.8°C 
for 1 hr 7 min. ©, 1069.5°C for 3 hr 0 min. @, 981.0°C 
for 25 hr 37 min. =~, 947.5°C for 17 hr 16 min. @ 


803.5°C for 4 hr 35 min. WV, 891.0°C for 10 hr 9 min. 
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100 results are graphically illustrated in Figs. 
through 9 for each pressure level. The heat o! 
: activation for aluminum diffusion in the UAI 
50 phase under an applied pressure of 5 tsi was 
aN estimated to be about 12,000 cal/mole. The 
Ni origin of the macroscopic defects occurring i: 
™~\ fhe UAI, layer during interdiffusion has bee: 
G 20 XK clarified by means of metallographic and hot- 
uJ 
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Figure 6— Arrhenius plot for self-diffusion in gamma 
uranium.'® --- «, Bochvar et al. @, Adda and 


Kirianenki.”' , Argonne.” 








Figure 7— Kinetics of growth of the UAI, layer in 
aluminum vs. uranium diffusion couples under an ap- 


5a 


plied pressure of 1'/, tsi.” 


applied hydrostatic pressure on interface con- 
centrations is being conducted at Sylvania.*® The 
growth kinetics of the UAL. phase have been de- 
termined in the temperature range 400 to600 C 
and at pressures of 1'/,, 5, and 10 tsi, and the 


+ 


LOG 





og se 
02 04 06 O8 10 | 
LOG TIME, HR 


™N 
+ 
t 


Figure 8— Kinetics of growth of the UAI, layer in 
aluminum vs. uranium diffusion couples under an ap- 
plied pressure of 5 tsi.” 
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Figure 9— Kinetics of growth of the UAI, layer in 
aluminum vs. uranium diffusion couples under an ap- 
plied pressure of 10 tsi.” The asterisk means that 
points obtained at pressures of 15 and 20 tsi at 600°C 
are identical to 10 tsi at 600°C. 
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hardness studies. The maximum solubility of 
uranium in UAI; has been determined to be about 
26 at.%, using a nuclear-track emulsion tech- 
nique to measure the uranium concentration at 
two locations in the UAI, layer of the aluminum- 
uranium diffusion couple. The results obtained 
are listed in Table I-16. Exploratory studies 


Table I-16 





Sample Location 








Uranium-aluminum In uranium 
couple 
In UAI, near UAI,- 
uranium boundary* 
In UAI, near aluminum- 
UAI, boundary 
Bulk UAI, standards: 
25.5 at.% uranium 
23.3 at.% uranium 








*In the single-phase region of the UAI, phase. 
TObtained by interpolation or extrapolation. 


have been made with incremental aluminum-UAI, 
and UAI;-uranium diffusion couples to determine 


_ the growth kinetics of the UAl, and UAI, phases, 


respectively. The diffusion calculated for the 
UAl, phase from a diffusion couple annealed at 
600°C for 4 hr under an applied pressure of 2'/, 
tsi is about three orders of magnitude less than 


_ that of the UAl,; phase. The attempts made to 
_ obtain kinetics data for the UAI, phase have so 
far proven unsuccessful. However, itis believed 


that the formation and growth of the UAI, phase 
is a very slow process under the conditions ex- 
isting in a diffusion couple. 

A theoretical estimate has been made of the 
extent to which pressure-induced changes in 
the diffusion coefficients and pressure-induced 
shifts in the interface-boundary concentrations 
are important in influencing intermetallic-layer 


| growth in the aluminum-uranium and aluminum- 


nickel systems. A simple geometrical argument 
was used to determine the effects of hydrostatic 
pressure on the Gibbs free-energy curves. It 
was shown that interesting relations exist be- 
tween the equilibrium concentration changes and 
1) the magnitude of the applied pressure, (2) the 
mean atomic volumes of the phases, (3) the 
widths of the miscibility gaps, (4) the shapes of 
‘he free-energy curves, and (5) the inclinations 


of their common tangents. ‘ressure was as- 
sumed to increase layer g ywth of the UAI, 
phase of the aluminum-uran 1n system by re- 
pressing the tendency for the rmation of mac- 
roscopic defects, thus effec ‘ely increasing 
the cross-sectional area ava able for inter- 
diffusion. The pressure-induc | decrease in 


URANIUM SOLUBILITY IN THE UAI, PHASE AS DETERMINED BY A 
NUCLEAR EMULSION TECHNIQUE” 





Tracks/unit area Uranii n 
x re we ; concentri ‘ion 
Standard : rt 

Mean deviation Wt.¥ At. 
163.2 + 3.8 100 100 
98.4 +1.0 76.0T 26.37 
85.0 + 3.0 73.37 23.7t 
95.0 + 3.7 75.2 25.5 

é + 2.7 72.8 23.3 


the Ni,Al;-phase diffusion coefficient of the 
aluminum-nickel system was concluded to be 
more important to the growth kinetics of this 
phase than equilibrium solubility-range changes. 

Solid-state interaction of yttrium metal with 
other metals and alloys at various temperatures 
has been studied at General Electric.” The re- 
sults of the study, shown in Table I-17, were ob- 
tained by metallographic examination of the in- 
terfaces of heat-treated and sectioned specimens 
consisting of press-fitted yttrium rods encap- 
sulated in the various test materials. The speci- 
mens were heated either in air or in an inert 
atmosphere. For the low-melting metals or al- 
loys, the reactivity tests were performedeither 
by immersing solid yttrium into the molten test 
material or by melting the material in yttrium 
crucibles. 

Studies of the electrochemical mechanisms of 
noble-metal/hydrogen systems at the Naval Re- 
search Laboratory" have shown how hydrogen 
and deuterium produced in electrolytic cells is 
transported through palladium electrodes. In 
essence, the work showed that a hydrogen iso- 
tope can be transported through palladium by 
two different processes: (1) atomic diffusion, 
i.e., transport by setting up of a concentration 
gradient of hydrogen or deuterium atoms ina 
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Table I-17 SOLID-STATE INTERACTION OF YTTRIUM 
METAL WITH OTHER METALS AND ALLOYS*® 


Test Temp., Time, Extent of interaction 
material F hr at interface 
Mo 1500 100 None detected 
2000 100 None detected 
2200 100 None detected 
Nb 1500 100 None detected 
2200 100 None detected 
Ti 1500 100 None detected 
2200 100 Slight diffusion area, 
° spotty bonding 
Ta 1500 100 None detected 
2200 100 None detected 
2600 100 Slight interaction 
Zr 1500 100 None detected 
2200 100 Slight interaction, 
spotty bonding 
Type 446 S.S. 1500 100 None detected 
1800 l Slight interaction 
50 Marked interaction 
and diffusion 
Type 304 S.S. 1800 l Marked interaction, 
low-melting 
phase formed 
Ni * 1500 100 Marked interaction 
areas 
1800 20 Extensive interaction 
and diffusion 
80 Ni-—20 Cr 1800 20 Extensive interaction, 
melting phases 
formed 
75 Completely reacted 
Pd 1800 100 Extensive, diffusion 
areas pronounced 
U Molten U None detected 
Cu, annealed 1300 2 None detected 
Cr 1900 2 Moderate interaction, 
decided ciffusion 
area 
Al 1800 l Marked interaction, 


formation of low- 
melting phase 


Pb 1800 1 Marked interaction, 
formation of low- 


melting phase 


palladium cathode-diaphragm, and (2) electro- 
chemical migration of cations, i.e., transport 
by setting up of a concentration gradient of pro- 
tons or deuterons in a palladium bielectrode. 
The solution and transfer of hydrogen through 
such metals as platinum, gold, nickel, and iron 
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(mild steel) were investigated by a series of 
experiments in which these metals were clad to 
palladium. It was shown that, under the expevi- 
mental conditions used, neither protons nor 
hydrogen atoms can be transported through gold 
«or nickel. Hydrogen, however, dissolves and 
migrates only as protons through platinum, 
whereas it can either migrate as protons or 
diffuse as atoms through iron or palladium. 

(M. A. Gedwill, Jr.) 


Mechanism of Corrosion 


of Fuel Alloys 


Uranium-Oxygen Reactions 


Recent reports from Saclay® and Argonne™ 
discuss the kinetics and mechanism of the re- 
action of uranium with oxygen. Results of the 
Saclay work reveal that reaction rates are 
(1) parabolic below 125°C, (2) linear between 
125 and 300°C, and (3) accelerated from self- 
heating of the uranium at temperatures above 
300°C. In the temperature range 375 to 450°C, 
successive series of maxima and minima were 
observed in the heating curve. This thermal cy- 
cling was attributed to the buildup of an oxide 
film which acted as an insulation barrier to the 
heat generated from the reaction. Upon reaching 
a certain thickness, the oxide layer would break 
and spall and the uranium would then cool to the 
furnace temperature. 


The Saclay results also indicated that elec- 
trolytic polishing or exposure to air after sur- 
face preparation would lower reaction rates, 
particularly at lower temperatures and for 
short-time exposures. Potential measurements 
in sodium chloride solution revealed that the 
electrolytically polished specimens were more 
noble than those which were hand polished or 
pickled. Heating specimens in vacuum after 
electrolytic polishing eliminated this protective 
effect. The protection was attributed to an oxide 
film of low permeability to oxygen ions or to a 
chemically adsorbed atomic layer of oxygen 
The vacuum treatment either degassed the ad- 
sorbed oxygen or mechanically or chemically 
modified the oxide film. 


The failure of the oxidation of uranium to fol- 





low a parabolic rate law as predicted fron 
Pilling and Bedworth’s rules was attributed by 
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tne Saclay investigators to flaking and powdering 
of the oxide film. 


Argonne personnel have studied the ignition of 
uranium and uranium alloys and reaction with 
oxygen and air in the temperature range 125 to 
295°C. A linear relation was found to exist be- 
tween the reciprocal of the absolute temperature 
of ignition and the logarithm of the specific area 
of the sample. Additions of 0.5 to 2.0 at.% alu- 
minum or niobium to uranium decreased the 
ignition temperature 200°C, whereas the addition 
of 2 at.% copper increased the ignition tempera- 
ture 200°C. 


The Argonne investigators observed an initial 
low linear oxidation rate, followed by a second 


_ but higher linear rate in the 125 to 295°C tem- 


_ perature range. Efforts to correlate the second 


rate with cracking of the oxide film were not 
successful. If initial rates were observed, the 


. Saclay resuits differed in that they were para- 


pone 








bolic and then became linear. However, with 


_ vacuum-treated samples, the Saclay reaction 


rates followed a linear law after the first few 
minutes of exposure to oxygen. 


The Argonne investigators have shown that the 
oxygen ion is the diffusing species in the oxygen 


film on the basis of the following results: (1) in- 
ert markers did not become buried in the oxide 
film, (2) two impinging uranium oxide films did 
not fuse, and (3) radioactive uranium from an 
enriched marker did not permeate the oxide 
film. 


Uranium - Carbon Dioxide Reactions 


The reaction of uranium with CO, in the tem- 
perature range 500 to 1000°C has been studied 
at Harwell.® It was found that the oxidation of 
uranium by CO, follows a linear rate law and in- 
creases with temperature in the range 500 to 
800°C. A sudden increase in reaction rates near 
the B-y transition (772°C) was found to be a re- 
sult of self-heating of the uranium. Reaction 
rates decreased in the temperature range 800 
to 1000°C. It is believed that the oxide is more 
plastic at these higher temperatures, and thus 
it is able to maintain its continuity andto reduce 
stresses by deformation rather than cracking. 
In the range 500 to 725°C, the activation energy 
of the reaction was found to be 26+ 10 kcal/ 
mole. This is consistent with oxygen-ion diffu- 
sion being the rate-controlling mechanism. 

(W. E. Berry) 


Basic Studies of Radiation Effects 
in Fuel Materials 


Metallic Fuels 


The work covered here includes an article in 
Russian reviewing the Geneva papers, anumber 
of papers concerned with the nature and volume 
of fission spikes, reports concerned with the 
characteristics and mechanisms of fission-gas 
bubble formation and swelling, and papers on 
related studies. 

A Russian article®® reviews the Second Geneva 
Conference papers on experimental radiation 
damage and on the effects of neutronirradiation 
on uranium, plutonium, and certain of their al- 
loys. New data are given on the effect of up to 
2 at.% burn-up on the shapes and sizes of parts 
made of uranium or ofits alloys, andon swelling 
of uranium. 

Theoretical calculations and experimental 
work at Atomics International’ were aimed at 
developing an understanding of the processes and 
mechanisms of swelling of reactor-fuel mate- 
rials during irradiation. Calculations of the 
stability and mobility of several configurations 
of gas atoms and lattice vacancies have led to 
the following hypotheses: 

1. The temperature at which the “knee” of 
the swelling curve occurs is determined by the 
mobility of the inert-gas fission products. 

2. The shape of the swelling curve above the 
knee is determined primarily by the creep 
strength of the fuel and the concentration of 
bubble nucleation sites. 

3. Gas-atom mobility is enhanced by the 
plastic flow which occurs in polycrystalline 
alpha-phase uranium as a result of either radia- 
tion growth or thermal cycling. 

4. Gas-atom mobility is retarded by the 
presence of either oversize or undersize atoms 
in solid solution in uranium, even in very small 
concentrations. 


Detailed calculations of the number and size 
spectrum of displacement spikes and of the 
number of Frenkel pairs produced in uranium 
by fission fragments indicates that a single fis- 
sion event produces: (1) about 75 displacement 
spikes, each of which has a volume of some 


60,000 atoms; (2) a somewhat larger number of 
spikes having appreciably smaller volumes; 
(3) about 5 x 10‘ interstitial atoms and vacant 
lattice sites. Various experiments to observe 
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the nucleation and growth of gas bubbles andthe 
recovery of fission damage are planned. 

A French paper®™ concerned with the number 
of lattice defects formed in uranium by neutron 
irradiation shows a rapid saturation as dem- 
onstrated by electrical-conductivity measure- 
ments. This saturation arises from the exist- 
ence of a region of intense thermal agitation, 
the “fission spike,” associated with each fission. 
In this region, preexisting defects are annihi- 
lated. A diminution of defects at the temperature 
of irradiation (room temperature) is superim- 
posed on this effect. It is possible to disentangle 
these two effects and determine that the volume 
of the fission spike is 2.10 x 107'* cm® + 0.20 x 
107'* cm’. 

The appearance of local heating induced by 
the energy of nuclear particles passing through 
materials was investigatedin Russia.®’ Interac- 
tions between electrons and lattice leading to 
leveling of the temperature are analyzed. A 
method is offered for estimating the effective 
kinetic coefficients of fissioning media. The 
radiation-induced changes in mechanical prop- 
erties of the investigated specimens were de- 
termined. 

It is shown in a paper by the British®™ that 
fine-scale gas bubbles are to be expected in 
reasonably pure uranium during fission. The 
bubbles nucleate either homogeneously with a 
spacing of less than a micron or in any Suitable 
nucleation sites that may exist on thisora finer 
scale. The precise value of the homogeneous nu- 
cleation spacing depends on the diffusion coef- 
ficient of the gas atoms, which is modified during 
irradiation by the excess concentration of va- 
cancies produced. The dislocation lines and 
nodes should provide suitable nucleation sites 
since they have about the right spacing and their 
stress fields should attract the large inert-gas 
atoms to form Cottrell atmospheres. 

The bubbles grow by a vacancy-diffusion 
mechanism, the vacancies being created by the 
fission process or possibly diffusing from the 
grain boundaries in very small grains. It is 
found that in certain cases, which may occur at 
temperatures as low as 300°C, the influx of 
vacancies is sufficient to prevent the gas pres- 
sure in a bubble from exceeding the surface- 
energy restraining force by more than an order 
of magnitude, in which case dislocation mecha- 
nisms of plastic deformation should not operate. 
The fission process enhances the concentrations 
of both vacancies and interstitials in the solid, 


with the result that bubble growth is governec 
by the thermal equilibrium of vacancies, but an 
enhanced growth will occur at the lower tem- 
peratures if the sinks for point defects accept 
interstitials more readily than they do vacan- 
cies. 

At Hanford**®:®"° the study of etching tech- 
niques for observation of fission-gas bubbles 
by electron microscopy is in progress. A sta- 
tistical analysis of the effect of etching upon the 
observed pore sizes is planned. Analysis of 
replication procedures on pseudo specimens of 
polystyrene spheres embedded in epoxy resinis 
also in progress. 

Studies at Atomics International’ are de- 
scribed which are ultimately intended to es- 
tablish the effects of solid and gaseous fission 
products on the properties of fuel materials. 
Creep data on a series of uranium-rich and 
thorium-uranium alloys are presented. In gen- 
eral, the total swelling is greater than that cal- 
culated from average fission-gas pressure and 
unirradiated fuel-strength criteria. A study is 
being made of the effects of “misfit” atoms 
upon the irradiation stability ofuranium. Misfit 
atoms are those which are markedly different 
in size from those of uranium. Such atoms may 
be attracted to fission-gas atoms, causing im- 
mobilization of the latter. 

British research recently reported’! tends to 
minimize the role of surface tension in growth of 
bubbles in uranium anduranium alloys. Instead, 
results of growth and bubble formation are 
analyzed in terms of enhanced creep of poly- 
crystalline anisotropic material subjected to 
temperature fluctuations. 

At Hanford” the effects of irradiation of ura- 
nium at 20°C, followed by annealing at 200 to 
400°C, are being studied. An incubation period 
was observed for recovery by annealing of natu- 
ral uranium which had been irradiated to dos- 
ages as high as 7 10" nvt. .The hardening in- 
crement due to irradiation decreases rapidly 
after one spike cycle, which is defined as the 
exposure required to excite all the atoms of 
uranium above the melting point once. 

Data are given’ for hardness and tensile 
properties as irradiated and after annealing at 
200, 300, and 400°C for 10 and 25 hr. On the 
basis of the results, a vacancy-diffusion proc- 
ess for recovery is proposed, the temperature 
at which vacancies become mobile being between 
35 and 150°C. Microstress recovery observed 
by other investigators during irradiation at tem- 
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peratures above 100°C was not observed in this 
investigation. 


In France™ the recrystallization ofirradiated 
uranium was studied on metal irradiated to 220 
Mwd/metric ton by following microstructural 
changes produced by successive annealings. 
Hardness and density were measured. It was 
observed that the initial state of the irradiated 
metal and its restoration differ little from that 
of cold-worked metal. Recrystallization was 
observed only after heating into the beta range. 
The hardness of uranium for slight neutron ex- 
posures up to 10'® nvt does not increase linearly 
with flux, but an incubation period is observed 
which undoubtedly represents the time necessary 
for saturation of the dislocations. 

(F. A. Rough) 


Nonmetallic Fuels 


Most of the research reviewed in this period 
is concerned with effects of irradiation upon 
uranium oxide. In addition, brief reports of re- 
search in progress on a select group of com- 
pounds and on uranium carbide are reviewed. 


In radiation-damage studies by electron- 
transmission microscopy at Hanford,**’® thin 
(100 A) vapor-deposited films of UO, show 
straight-line tracks after irradiation to only 
2x 10'* nvt. These tracks are caused by fission 
products. 

A Russian™ paper describes the behavior of 
Mo” formed by irradiation of UO, and U0, 
during heating in vacuum or in a stream of ar- 
gon. Activation energies were determined on the 
basis of the assumption that the extraction of 
Mo” is caused by diffusion processes. The 
curves show a knee at about 1070°K. Transfor- 
mation or reduction of U,;O, to UO, at 600°C in 
hydrogen caused a considerable rise in molyb- 
denum extraction. The possibility that Mo” is 
present in the form of various compounds inir- 
radiated oxides was considered, along with pos- 
sible changes that may occur under the influ- 
ences of heat and of the active environmental 
gases. 

At Bettis,” studies of fission-fragment dam- 
age in a variety of ceramic compounds are in 
progress. Experiments include X-ray diffrac- 
tion studies to determine cell size, internal 
strain, phase changes, and metamictization or 
‘oss of crystallinity. Materials studied include 
vaF,, Al,O,, UO,; solid-solution and two-phase 
JO,-CaO, CaF,-SrF,, and CaF,-CaUO,; and 


U;0,, ZrSiO,, and Al,O, dispersed in UO, as 
glassy mixtures. 

At Battelle™ a program is planned to establish 
the mechanisms of irradiation change in ura- 
nium monocarbide. X-ray diffraction, X-ray 
low-angle scattering, microscopy, and physical 
measurements will be utilized in the study of 
lattice expansions, strain, and fragmentation, 
as well as the formation of bubbles and cracks. 

(F. A. Rough) 
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Graphite 


The effect of irradiation on the reaction be- 
tween graphite and oxygen from 60 to 300°C 
has been studied in the British BEPO reactor. ' 
Results indicate that pile irradiation causes an 
increase in the rate of reaction. The rate of 
CO, evolution during irradiation showed a com- 
plex dependence upon the oxygen pressure, 
flow, and volume of the irradiated gas space 
upstream of the graphite. The results are 
interpreted in terms of the radiolysis of oxygen 
to ozone, partial reversion of ozone to oxygen, 
and the attack of residual ozone on the graphite. 

The rate of oxidation of graphite when ir- 
radiated in air was found to be close to that 
when irradiated in oxygen under similar con- 
ditions. The higher oxides of nitrogen, N,O; and 
NO;, which are formed along with ozone and 
other nitrogen oxides when air is irradiated, 
may supplement the oxidation by ozone. 

Dispersions of 25 wt.% of fully enriched UC 
and UC, in graphite were irradiated at Battelle 
for four reactor cycles at surface tempera- 
tures?-> ranging from 1300 to 1500°F. 


(J. Koretzky) 


Beryllium Metal and Alloys 


Evidence tending to prove the existence of a 
high-temperature beta phase in metallic beryl- 
lium has been published by Atomic Weapons 
Research Establishment (AWRE) of Great Brit- 
ain.‘ Thermal-analysis curves over the range 
from 25°C to the melting point revealed a double 
arrest in the region near the melting point. The 
authors interpret the data as indicative of a 
phase transformation approximately 17 to 20 C 
below the melting point. X-ray diffraction shows 
a complete transformation from hexagonal 
close-packed to body-centered-cubic structure 
at approximately 1250°C. Samples ofirradiated 
beryllium shim rod were heated at Harwell to 
study changes in microstructure, volume, and 
mechanical properties.° The specimens con- 
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tained helium which collected into fine gas 
bubbles at temperatures above 600°C. The 
bubbles grew, especially at grain boundaries; 
at higher temperatures an increase in metal 
volume (approximately 30 per cent at 1000°C) 
was also observed. 

Preliminary results from Brush Beryllium’ 
indicate that the beryllium-rich silver alloys 
have better transverse ductility than unalloyed 
beryllium, whereas a 2.3 wt.% BeO addition to 
beryllium produces no ductility improvement 
and only a slight increase in strength. How- 
ever, a 3.1 wt.% BeO addition increases the 
strength appreciably, particularly at higher 
temperatures. There is some indication this 
material can be drawn more readily than QMV 
beryllium. 

Experiments in zone refining at Alloyd Re- 
search have proven that induction heating is 
feasible for beryllium mct.'! using a 1-in. 
specimen in a 2-in. coil.’ The specimen be- 
came cherry red in approximately 5 min. The 
temperature remained practically stable for 
25 min and then suddenly rose to white heat, 
which the author attributes to a sluggish trans- 
formation. The high vapor pressure of beryl- 
lium resulted in much undesirable deposition 
on the apparatus. Lockheed has reported pre- 
liminary evaluation of electron-beam-melted 
beryllium metal.* Among the techniques used 
were visual inspection, X-ray diffraction, 
chemical analysis, metallographic examination, 
and machinability, hardness, bend, and tensile 
tests. Electron-beam melting, which apparently 
improved the cast structure and machinability 
and reduced hardness, is considered promising. 

Nuclear Metals has reported® progress in the 
development of both strip and clad composites. 
The strip composites employed intermediate 
strips of silver or titanium with silver bonding. 
Extrusion cladding and roll cladding were fea- 
sible for composite production when a silver 
interlayer was used. AISI type 304 stainless 
steel and titanium were used in both types of 
cladding, and A-nickel and Inconel were used 
in the roll cladding only. Anticipated thermal 
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stresses in a beryllium reflector have been 
measured and reported by Oak Ridge.'® The 
thermal cycling was between average tem- 
peratures of approximately 900 and 1200°F for 
500 cycles. The test resulted in extensive 
cracking. 

The Defense Metals Information Center has 
issued a memorandum concerning the machining 
of beryllium metal.'' The discussion covers 
the health and scrap aspects as well as actual 
turning, threading, milling, and drilling rec- 
ommendations. Brush Beryllium has reported 
beryllium-wire-drawing experiments which 
demonstrate the feasibility of such fabrica- 
tion.’? QMV beryllium at 750 to 850°F work 
hardens about one-half as fast as aluminum at 
room temperature. By using an MoS, lubricant, 
it was possible to obtain five passes at 800 to 
850 F and 10 to 20 per cent reduction in area 
per pass. Successful braze welds have been 
made at Avco Manufacturing Company using 
aluminum—12 wt.% silicon alloy filler strips 
and an a-c argon-shielded tungsten arc.’ Fu- 


‘sion welding is possible in a dry box filled with 


argon. Preheating helps to eliminate cracking 
and hot tearing. A patent has been granted to 
R. E. Macherey (assigned to AEC) on methods 
of working beryllium metal in jackets of copper 
or stainless steel at temperatures’ up to 
400°C. (O. J. Huber) 


Beryllium Compounds 


An expression describing the corrosion rate 
of a BeO surface in moist flowing air was 


Beryllium —53 wt.% 
zirconium 
Major constituent 
Minor constituent, vol.% 


ZrBe;> 


Approximate melting point, °C 2000 

Density, g/cm’ 2.94 

X-ray density, g/cm 2.70 

Knoop hardness (500-g load), 790 
kg/mm? 


Crumbled at 700°C 
ThMn,, 


Oxidation behavior in air 
Crystallographic isotype 
Crystal structure 
Lattice constant, A: 

a 7.48 
c 4.35 





~3 (composition unknown) 


Body-centered tetragonal 


developed and verified by experiment at Atomics 
International.'® The data support the hypothesis 
that the rate-controlling step in the corrosion 
process is the diffusion of the gaseous Be(OH), 
product through the laminar boundary layer at 
the BeO surface. The corrosion rate N is 


D 
N =3.19 x 10' >) (KP, —P,,) mm/year 


where D =the diffusion coefficient of Be(OH), 
through air, cm’/sec 
, = the average temperature of the bound- 
ary layer, °K 
tf =the boundary-layer thickness, cm 
K =the equilibrium constant 


P,, =the partial pressure of water vapor, 
atm 
P, =the partial pressure of Be(OH), prod- 


uct in the bulk gas stream, atm 


This equation, when used to predict the cor- 
rosion rates expected in the operation of an 
open-cycle, air-cooled, BeO-moderated power 
reactor, indicates that the corrosion reaction 
will not limit the feasibility of operation at 
BeO surface temperatures below 860 C. 

The beryllium compounds NbBe,,, YBe;;, and 
ZrBe,, were prepared at Battelle by arc melt- 
ing.’ The properties of each of the alloys 
prepared are listed in Table II-1. The dis- 
crepancy between the measured and X-ray 
densities stems from the fact that the experi- 
mental compositions were not precisely stoi- 
chiometric. (J. Koretzky) 


Table Il-1 PROPERTIES OF BERYLLIUM ALLOyYs"® 


Beryllium —46 wt.% Beryllium —52 wt.% 


yttrium niobium 
YBe,, NbBe,,) 
~5S Y ~5 (intermetallic, possibly 
NbBe,) 
1600 1500 
2.57 3.14 
2.53 2.89 
870 1100 
Good at 1300°C Excellent at 1300°C 
NaZny, ThMn,, 
Face-centered cubic Body-centered tetragonal 
10.37 7.34 
4.26 
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Solid Hydrides 


Most of the work reported during the past 
quarter has been concerned with zirconium 
hydride, although there are also data on hydrided 
zirconium alloys, niobium hydride, and cerium 
hydride. A comprehensive review by General 
Electric contains the most recent data on the 
zirconium-hydrogen system, with particular 
emphasis on characteristics of the massive 
hydride. Atomics International has also re- 
viewed the hydride literature up to Feb. 15, 
1959, covering the hydrides of zirconium, ce- 
rium, and their alloys. 


Zirconium Hydride 


The phase diagram ofthe zirconium-hydrogen 
system is still being investigated. Denver Re- 
search Institute’’ has found evidence that the 
first hydride phase formed has a body-centered 
orthorhombic structure. At compositions above 
62 at.% hydrogen, it appears that the true 
equilibrium structure is not obtained in normal 
practice because of the existence of a marten- 
sitic transitionphase. Similar results have been 
reported by Whitwham and his associates.'® 
Studies of the physical properties of zirconium 
hydride indicate that, above the eutectoid tem- 
perature, compositions having more than 55 at.% 
hydrogen should be the most suitable for mod- 
erator purposes. Atomics. International’? has 
found that in the delta-hydride region the iso- 
therms are steeper than previously reported. 
The boundary between the two-phase beta-plus- 
delta region and the single-phase delta region 
has been located at a hydrogen to zirconium 
ratio of 1.32 at 600°C, of 1.36 at 700°C, and of 
1.43 at 800°C. There was no evidence for a 
two-phase delta-plus-epsilon region at these 
temperatures. Phase boundaries at lower tem- 
peratures have been investigated by Espagno 
et al.,”° and their data are presented in Table 
II-2. 


Table II-2 PHASE BOUNDARIES IN THE ZIRCONIUM- 
HYDROGEN SYSTEM”® 


Hydrogen content at indicated 
phase boundaries, at.% 








Temp., °C a=a+éd a+6+6 
300 0.6 59 
400 2.0 58 
500 4.2 56 


550 5.7 54 
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The diffusion coefficients of hydrogen in beta 
zirconium have been determined at Battelle?>’' 
in the temperature range 650 to 850°C. By 
using samples 0.03 to 0.1 cm thick containing 
9 to 33 at.% hydrogen, it was found that the dif- 
fusion coefficient does not change with hydrogen 
concentration. The value of the diffusion coef- 
ficient as a function of temperature is given by 
the relation 


D =3.11 x 10‘ exp (— 44,500/RT) 


indicating an activation energy of 44.5 kcal/g- 
atom for the diffusion process. 


Zirconium Alloy Hydrides 


The structure of the hydrides of zirconium- 
nickel alloys has been determined by Atomics 
International.'*® It was found that ZrNiH,_, has 
an expanded structure of the zirconium-nickel 
alloy, witha = 5.52, 6 = 3.46, and c = 4.42, with 
alpha = 107.7 deg. 

Data on the fabrication and properties of the 
uranium-ZrH, elements, which constitute the 
fueled moderator for TRIGA reactors, have been 
published by General Atomics.*’?5 The ele- 
ments are composed of 8 wt.% uranium, 91 wt.% 
zirconium, and 1 wt.% hydrogen, equivalent to 
atom ratios of uranium:zirconium:hydrogen = 
0.03:1:1. The uranium employed is 20 per cent 
enriched in U**® The fueled-moderator ele- 
ments were cycled 500 times by quenching 
from 200°C in water at 20°C with no evidence 
of corrosion or undercutting. There were no 
visible effects from such treatments as quench- 
ing from 800°C in water at 20°C or spraying 
cold water on elements which had been electri- 
cally heated to 800°C. Radiation tests in the 
Materials Testing Reactor (MTR), with a 10 
per cent burn-up of the U’**, showed that no 
dimensional changes occurred. 

In fueled-moderator studies at Battelle,” 
hydrogen-absorption isotherms were measured 
over the range 535 to 835°C for zirconium—1 
and —25 wt.% uranium alloys. In general, the 
alloys resemble the zirconium-hydrogen sys- 
tem, modified by the presence ofuranium. With 
1 wt.4 uranium, the phase boundaries of the 
zirconium-hydrogen system are shifted to 
slightly lower hydrogen contents. With 25 wt.% 
uranium, the first “two-phase’’ region shifts 
to a hydrogen content 20 at.% greater than that 
in the zirconium-hydrogen system, whereas the 
second two-phase region is unchanged. The 
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utectoid temperature is increased from 547 to 
01°C. Figure 10 shows the results of this 
study superimposed on the phase diagram of 
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Figure 10— Phase diagram of the zirconium-hydrogen 
system with modifications produced by substitution 
of 1 wt.% and 25 wt.% uranium. , zirconium- 
hydrogen phase diagram. -—o—, zirconium-hydrogen— 
1 wt.% uranium diagram. -«- , zirconium-hydrogen-— 
25 wt.% uranium diagram.” 





the zirconium-hydrogen system. Figures 11 
and 12 show the isotherms obtained with the 
1 wt.% uranium and the 25 wt.% uranium, re- 
spectively. Heats of solution of hydrogen in 
the alloys were found to range from —25.9 to 
-~47.9 kcal/mole for the 1 wt.% alloy and from 
~30.7 to —50.6 kcal/mole for the 25 wt.% alloy. 
High-temperature X-ray diffraction studies 
made on these alloys show that, as hydrogen is 
absorbed, the alloys break down to form ura- 
nium and zirconium and the latter absorbs the 
hydrogen. The phases present at various tem- 
peratures and compositions are indicated in 
Fig. 10. 

Studies of transformations in metal-hydrogen 
systems by neutron and X-ray diffraction have 
been conducted at Argonne.”® These have shown 
that, in the titanium-zirconium-hydrogen sys- 
tem, the transformation from metal to cubic 
structure and from cubic to tetragonal structure, 
as hydrogen is absorbed, takes place by a 
reconstructive mechanism, in which the space 
lattice is disrupted. In contrast, the trans- 
formation in the zirconium-hydrogen system 
occurs by a displacement mechanism, in which 
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Figure 11—Hydrogen-absorption isotherms for the 
zirconium—1 wt.% uranium alloy.” 
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Figure 12—Hydrogen-absorption isotherms for the 
zirconium—25 wt.% uranium alloy.“ 
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the structure is gradually distorted without 
ever disrupting the space lattice. 


Niobium Hydride 


Equilibria in the niobium-hydrogen system 
have been determined at Battelle.** The tem- 
perature range was 100 to 900°C, the pressure 
range was 0.1 to 1000 mm Hg, and the com- 
position range covered hydrogen-to- metal ratios 
from 0.01 to 0.85. X-ray diffraction measure- 
ments were made on hydrogen-to-metal ratios 
up to 0.54, from room temperature to 400°C. 
Results show a solid solution of hydrogen in 
niobium through most of the system. There is 
a miscibility gap at low temperature and pres- 
sure, with a critical point at 140°C and 0.01- 
mm pressure with hydrogen/metal = 0.3. Sorp- 
tion rates from 300 to 500°C were initially 
linear. However, at higher temperatures, the 
rates are controlled by diffusion in the metal 
matrix. Diffusion coefficients at 600 to 700°C 
are expressed by the equation 


D = 0.0215 exp (—9370 + 600/RT) 


Desorption rates proved to be lower than those 
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Figure 13—-Phase diagram of the niobium-hydrogen 
system showing various isobars. ———, experimental 
isobar. ----, calculated isobar.” 
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predicted by diffusion. Figure 13 shows the 
phase diagram of the niobium-hydrogen system 


Cerium Hydride 


The properties of cerium hydride have been 
examined at Atomics International.'* The melt- 
ing point has been found to be 1115°C, where 
the composition is CeH,,, and the freezing 
temperature is 1065°C at a composition of 
CeH, ;. The dissociation pressure at the melt- 
ing point was 615 mm Hg. (H. H. Krause) 
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Metallic Poison Materials 


Boron Alloys 


Iron, zirconium, and austenitic stainless steel 
alloyed with various amounts of B"° have been 
irradiated by Bettis’ at a temperature of about 
—40°C for three reactor cycles. ‘As can be seen 
in Table III-1, the electrical resistances of most 


Table II]-l CHANGES IN RESISTANCE IN IRON, 
ZIRCONIUM, AND STAINLESS STEEL-—B"® 
ALLOYS DUE TO IRRADIATION*! 





Increase in electrical! 








Material resistance at —40°C, % 

Fe 10 
Fe-—2 wt.% B® 92 
Zr 8 
Zr—-1 wt.% B® 4 
Zr—2 wt.% B® 79 
Austenitic stainless steel 

(18 wt.% Cr—15 wt.% Ni) 2 
Stainless steel—1 wt.% B'® 11 


Stainless steel—3 wt.% B’® 12 





*Irradiated in the Brookhaven low-temperature facility 
for one cycle at about —40°C. 


Table IIIl-2 ELECTRICAL-RESISTANCE CHANGES 
ON PULSE ANNEALING OF IRRADIATED 
BORON-CONTAINING ALLOYS! 





Resistance change, % of radiation-induced 
increase at indicated pulse temperature 





wt.% 102°C 206°C 303°C 351°C 387°C 401°C 429°C 


Fe- 
2B -1 =i? -25 =< -@ ~4% —§2 
S.s.- 
1B’ 41 —-2 -15 -25 -27 = 860-33 
§.8.- 
3B +0.8 af <—§§ 15 «37 =—4G «28 
Zr- 
1 BY 48 +1 «3 =§ a =7 
Zr- 


BY —)} +20 +16 =¥ 2s 7 


of the alloys showed significant increases due 


to the low-temperature irradiation. 


After three reactor cycles, the boron alloys 
were pulse annealed in situ from 15°C to tem- 
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‘peratures up to 429°C. The percentage changes 
of the increases in resistance resulting from 
irradiation are listed in Table III-2. 


Rare-earth Alloys 


The Bureau of Mines’ has been investigating 
a number of rare-earth-alloy systems. .The 
zirconium-gadolinium system was found to pos- 
sess a single eutectic, occurring at approxi- 
mately 60 wt.% gadolinium. The eutectic hori- 
zontal extends from approximately 30 to 87 wt.% 
gadolinium at 1220+ 5°C. The transformation 
of alpha-zirconium to beta-zirconium solid so- 
lution occurs between 880 and 915°C onheating. 

The titanium-gadolinium diagram is also 
a simple eutectic type, with a eutectic tempera- 
ture of 1220+ 10°C and a eutectic composition 
of 60 + 10 wt.% gadolinium. The eutectic hori- 
zontal extends from approximately 7.5 to 95 
wt.% gadolinium. At 910°C, the transformation 
temperature of alpha to beta titanium on heating, 
the solubility of gadolinium in titanium is less 
than 5 wt.% and that of titanium in gadolinium is 
less than 10 wt.%. 

The zirconium-dysprosium and zirconium- 
erbium alloys are being investigated for use 
as burnable pdisons in control-rod materials. 
Phase diagrams, as determined for these sys- 
tems, are shown in Figs. 14 and 15. Limited 
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Figure 15—Tentative zirconium-erbium phase dia- 
gram.’ @, solidus by optical determination. A, ther- 
mal arrest. —, phase boundary. ----, assumed or 
approximate phase boundary. O, one-phase alpha- 
titanium solid solution. 9, two-phase microstructure. 
x, beta titanium + erbium. 8, beta solid solution. D 
erbium solid solution. 


corrosion tests of zirconium-dysprosium alloys 
at 725°F indicate that even small additions of 
dysprosium destroy the aqueous corrosion re- 
sistance of zirconium. Zircaloy-2 alloys con- 
taining additions of erbium, samarium, erbium 
plus uranium, and samarium plus uranium, and 
zirconium with additions of gadolinium were 
corrosion tested in 680°F water. With the ex- 
ception of the Zircaloy-2—samarium alloy, all 
the alloys had corrosion rates which would pre- 
clude their use as unclad control-rod materials 
in pressurized-water reactors. (V..W. Storhok) 


Dispersion-control Materials 


Workers at Mond Nickel Company, Limited, 
and the International Nickel Company have de- 
veloped a method for producing dispersion- 
control materials by roll cladding strip previ- 
ously prepared by powder-rolling techniques.° 
The process is described in detail for stainless- 
steel-clad B,C-copper dispersions. Mixtures of 
up to 50 vol.% B,C in copper were compacted 
into strip in a powder-rolling mill and continu- 


ously fed into a sintering furnace at 950 to 
1000°C. The sintered strip was placed between 
sheets of stainless steel and roll clad at 850°C 
in one pass to a 35 per cent reduction in thick- 
ness. The composite sheet was cold rolled to 
final thickness, with intermediate anneals at 
950°C being required. Edges were sealed by 
leaching out sufficient B,C-copper to form a 
groove into which a stainless-steel wire was 
placed and arc welded. Tubular elements were 
formed by packing B,C-copper dispersions be- 
tween two concentric tubes and drawing down 
the complete unit between a die and plug. No 
metallurgical bond is claimed, but it is stated 
that a metallurgical bond can be obtained by 
nickel plating the stainless-steel tubes. Table 
III-3, which appears in the same reference, 
compares the computed neutron-absorbing prop- 
erties of various poison-containing materials. 

Knolls has studied the effect of waterlogging 
on B,C-Zircaloy dispersions‘ and has shown 
that specimens which show a leak rate of more 
than 1 x 10~° std. cm® of helium per second are 
subject to retention of water and subsequent 
bulging upon rapid heating. Thus, under reactor 
cycling conditions, defected plates could swell 
or bulge appreciably if there is sufficient inter- 
connecting porosity to allow absorption of water 
which could not rapidly escape when heated to 
form steam. It is concluded that presently used 
fabrication procedures prevent fracturing and 
stringering of B,C sufficiently to avoid damage 
from waterlogging. 

Oak Ridge has published detailed procedures 
for producing second-core-loading control 
rods”® for the Army Package Power Reactor 
(SM-1). Sufficient detail is given to allow a 
manufacturer to produce the control rods, which 
contain a dispersion of 36 wt.% Eu,O, in an ele- 
mental mixture of iron, chromium, and nickel, 
clad with type 304L stainless steel. The ele- 
mental stainless-steel core is required because 
of a reaction between Eu,O, and the silicon 
which is present in prealloyed stainless-steel 
powder. Dead-burned Eu,O, powder is pressed 
at 4 tsi, sintered at 3090°F for 3 hr in dry hy- 
drogen, and crushed to minus 315 mesh. The 
iron, chromium, nickel, and Eu,O, powders are 
blended with no binder for 3 hr andthen pressed 
at 10 tsi. The compacts are sintered '/, hr at 
2250°F, coined at 31 tsi, resintered 1'/, hr at 
2250°F, and recoined at 31 tsi. Compacts are 
roll clad by standard picture-frame techniques, 
except that three compacts are stacked to make 




















REACTOR CORE MATERIALS 


Table I1I-3 CONSTANTS OF SOME NEUTRON ABSORBERS AND OF COMPOSITE MATERIALS CONTAINING THEM® 









Properties of absorbing element 





Fraction of 





Properties of composite 


Microscopic 
P absorbing material 








high-cross- absorption ‘ 
f F section iso- cross section Macroscopic Conc. of absorber 
Specifications of absorbing material , a , 
aciptthis aiinainiatipeiaminaimaaiaoat aaa Atomic tope in of natural absorption in composite 
Conc., Density, weight natural element, cross section, material, 
Material wt.% g/cm A element barns/atom cm 107 atoms/cm! 
Boron 100 2.33 10.82 0.188 755 97.9 24.4 
B,C 78.4 2.50 10.82 0.188 755 82.3 20.5 
Cu-—10 wt.% ByC* 78.4 2.50 10.82 0.188 755 23.3 5.8 
Cu—15 wt.% B,C* . 78.4 2.50 10.82 0.188 755 31.8 8.0 
Cu-—20 wt.% ByC* 78.4 2.50 10,82 0.188 755 38.8 9.7 
3 wt.% boron steelt 1004 2.33 10.82 0.188 755 3 2.3 
4 wt.% boron steelt 100 2.33 10.82 0.188 755 12.1 3.0 
Al—30 wt.% B,Ct 78.4 2.50 10.82 0.188 755 25.4 6.3 
Cadmium 100 8.64 112.41 0.123 2,550 118.6 5.7 
CdF», 74.6 6.64 112.41 0.123 2,550 67.6 3.2 
Ni-—10 wt.% CdF,* 74.6 6.64 112.41 0.123 2,550 8.8 0.4 
Gd,0, 87.0 7.41 157.26 0.307 46,000 1135 7.6 
Ni-—5 wt.% Gd,O,* 87.0 7.41 157.26 0.307 46,000 67.5 0.45 
Ni-—15 wt.% Gd,O,* 87.0 7.4) 157.26 0.307 46,000 198.5 1.3 
Eu,0, 86.4 7.42 152.00 0.395 2,600 66.0 101 
Fe—5 wt.% Eu,0,- 86.7 7.415 heepipe 0.307 46,000) “65 - 
5 wt.% Gd,O,§ (mean) (mean) 152.00 0.395 2,600) 


*Experimental materials. 
tCommercially available materials. 


{The boron is assumed to be a discrete phase for calculation purposes. 
$A possible material combining the desirable characteristics of Eu,O, and Gd,O. 


the core and an iron-chromium-nickel barrier 
foil is placed between the core and cladding. 
The plates are hot rolled at 2100 F and then 
cold rolled to final size. 

Oak Ridge work on the control rod for the first 
core loading of the SM-1 has now been published 
in the open literature.’ This component is a 
welded rectangular parallelepiped, in which the 
sides consist of rolled austenitic stainless- 
steel-clad plates incorporating 3 wt.% boron in 
iron. Details describing the design of the ab- 
sorber section, selection of materials, fabrica- 
tion procedures, and results of performance 
under irradiation are presented. The boron, 90 
per cent enriched in B’®, is addedtoiron powder 
in elemental form and shaped into a rectangular 
core which is sintered to a high density. Roll 
cladding with austenitic stainless steel results 
in a composite plate in which the cladding is 
bonded to the boron-iron core. Irradiation test- 
ing of small specimens of this product in the 
MTR indicated no significant damage after 4 per 
cent burn-up of the B’® atoms. Slight swelling 
appears after 10 per cent burn-up, and serious 
damage is evident after 30 per cent burn-up. 


Although some damage is expected under SM-1 
operating conditions, the control rods have op- 
erated smoothly in this reactor through 9 Mw- 
year of the expected 15-Mw-year lifetime. 

(G. W. Cunningham) 
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Corrosion 


Niobium Corrosion 


Recent investigations of the niobium-oxygen re- 
action in Norway’ and at Du Pont’ indicate that 
the oxidation behavior is quite complex. The 
Norwegian work, which covered temperatures 
from 150 to 1000°C and oxygen pressures from 
10~ to 760 mm, indicates that the generalized 
reaction curve contains five stages: 

1. Linear reaction as oxygen dissolves in 
metal. 

2. Parabolic reaction, controlled by diffusion 
through scale. 

3. Linear reaction as adherent scale cracks. 

4. Parabolic reaction, not completely under- 
stood. 

5. Parabolic reaction, not completely under- 
stood. 


Activation energies for stages 1 to 3 are 14.8, 
27.4, and 14.7 kcal/mole, respectively. The ac- 
tivation energy for stage 2 is higher than that 
determined earlier by Gulbransen and Andrew* 
for parabolic oxidation, 22.8 kcal/mole. The 
Norwegian work showed a maximum in the linear 
rate (stage 3) at 400 to 450°C in 100 mm oxygen. 


Du Pont’ studied the reaction of niobium in 1 
atm oxygen at 400 to 1200°C. The reaction was 
initially parabolic, followed by a transition to 
rapid linear behavior. The linear rate passes 
through a maximum and a minimum at 600 and 
675°C, respectively. It is clear from these in- 
vestigations that the oxidation behavior of ni- 
obium is more complex than was originally 
thought; adequate explanations for the variations 
in behavior with temperature are not yet avail- 
able. 

Recent data on the oxidation behavior of ni- 
obium alloys were obtained by Ohio State Uni- 
versity.‘ Ohio State University reports that the 
good oxidation resistance of niobium—57 at.% 
zirconium can be improved further by adding 
5 to 10 at.% titanium, but similar additions of 
chromium embrittle the alloy with no improve- 
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‘ment in oxidation resistance over niobium- 
zirconium-titanium. 

The niobium-nitrogen reaction was investi- 
gated at Battelle.” The reaction is parabolic 
from 675 to 1600°C and is much slower than the 
niobium-oxygen reaction. The solubility of ni- 
trogen in niobium ranges from 0.3 at.% at 800°C 
to 5 at.% at 1600°C, muchhigher than previously 
reported by Ang and Wert.*® (W. D. Klopp) 


Zirconium Corrosion 


Destructive localized attack in Zircaloy-2 has 
been observed and reproduced in steam at 300°C 
under irradiation in the BEPO reactor.’ Under 
visual examination, this attack appears to be 
similar to the rapid hydriding attack of Zircaloy- 
2 noted by several laboratories. However, me- 
tallographic examination failed to reveal any 
significant accumulation of hydride needles in 
the base materials. The cause of this attack is 
unknown at this time. Experiments are being 


conducted to determine the role of such factors f 


as ingot composition, surface preparation, and 
stress. 

Breakdown of the oxide film on carbon- melted 
zirconium is believed by the British®* to origi- 
nate at areas of poor corrosion resistance sur- 
rounding the carbide particles, not at the car- 
bides themselves. Subsequent failure of the film 
is explained on the basis of stresses set up in 
the film as a result of the rapid localized attack. 
In contrast to the mode of film breakdown in 
carbon-melted zirconium, the film on arc- 
melted zirconium, found as a result of exposure 
to water or steam at 300°C, fails initially as a 
result of selective oxidation at the grain bounda- 
ries. Stresses set up in the film by this prefer- 
ential attack cause cracking parallel to the grain 
boundaries. Subsequent failure within the grains 
results in the final disintegration of the oriented 
protective oxide, which is replaced by a loose, 
unoriented ZrO, coating. 

Copper-bearing Zircaloy-2 alloys have been 
found by Bettis'® to be less resistant thar 


Zircaloy-2 to high-temperature water and | 
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steam. Also, it was noted that alloys containing 
less than 50 wt.% copper pickle at about the 
same rate as Zircaloy-2, whereas those con- 
taining more than 50 wt.% copper pickle at about 
twice the rate of Zircaloy-2. (W. K. Boyd) 


Aluminum Corrosion 


After an initial exposure period of about six 
days, corrosion rates of 1100 aluminum are re- 
ported by Argonne"! to be approximately the 
same in both H,O and D,O at a temperature of 
100°C. During the first six days of testing, how- 
ever, corrosion was more severe in H,O thanin 
D,O. Some difficulties were reported in con- 


_ trolling the purity of the H,O, which may have 
_ accounted for the high corrosion rates observed 
_ in the initial exposure in ordinary water. 








(W. K. Boyd) 


Stainless Steels 


Stress-corrosion cracking of austenitic stain- 
less steels in aqueous chloride solutions con- 
tinues to be of concern in nuclear applications. 
It has been demonstrated in investigations at 
Massachusetts Institute of Technology (MIT)” 
that 18 wt.% chromium—8 wt.% nickel alloys 
containing 0.015 wt.% carbon or 0.01 wt.% ni- 
trogen or less do not crack after from 200 to 
600 hr of exposure in boiling 42 per cent MgCl,. 
Commercial compositions, however, fail under 
similar conditions in 1.5 hr or less. Stable 
austenitic alloys (20 wt.% chromium—20 wt.% 
nickel) also were found to be resistant to crack- 
ing if nitrogen was low, say 0.002 wt.%. Carbon 
(0.01 to 0.23 wt.%), unlike its effect in 18 wt.% 
chromium —8 wt.% nickel alloys, appears toim- 
part increased resistance to cracking in the 
stable austenitic alloys. Silicon in the amourt of 
1 to 4 wt.% and cobalt levels from 2 to 14 wt.% 
also reduced the tendency of 18 wt.% chromium — 
8 wt.% nickel alloys to crack. It is postulated 
that the mechanism of cracking is associated 
with the formation of crack-sensitive paths by 
plastic deformation. Under conditions of lattice 
strain, nitrogen readily diffuses to dislocations 
and other lattice imperfections, forming cathodic 
areas which stimulate corrosion of adjoining 
metal. 


Stainless steels are of interest in gas-cooled 
reactors. The behavior of AISI type 304 stain- 
less steel in flowing and static CO, atmospheres 
has been investigated at Oak Ridge.'® Data in- 
dicate that in flowing CO, a dark metallic- 


appearing oxide, 3Cr,0,-Fe,0,, is formed at 
the gas-metal interface. The film right next to 
the metal was found to be MnO-Cr,0O,. No evi- 
dence of carburization or decarburization was 
observed. In an experiment under static condi- 
tions, however, carburization as well as oxida- 
tion was found, the carbon content of the outer 
layer having increased from 0.01 to 0.37 wt.%. 

(W. K. Boyd) 


Oxidation of lron- and Nickel-base Alloys 


Data on the oxidation behavior of iron- 
chromium-aluminum (of the Kanthal or Fecral 
type) and nickel-molybdenum-chromium (INOR- 
8 type) alloys under static and cyclic testing, 
with and without the application of stress, have 
been reported by the National Bureau of Stand- 
ards.’ Air exposures at temperatures from 
1500 to 2300°F were studied. Stress dependence 
of oxidation behavior similar to that reported 
previously for other alloys was observed (i.e., 
the existence of a minimum stress below which 
oxidation is stress independent). All alloys 
possessed good oxidation resistance at the tem- 
peratures of investigation (2000° F maximum for 
Ni-Mo-Cr and 2300°F maximum for Fe-Cr-Al) 
and exhibited parabolic behavior. Because of 
variations in test procedure for the various al- 
loys, the Arrhenius activation energy for the 
oxidation process presents the most direct 
criterion for comparing the oxidation behavior 
of the various alloys. Values are listed below: 


Activation 
energy, 
Alloy composition,. wt.% cal/mole 
Fe—14 Cr—5.5 Al 71,900 
Fe-—19.5 Cr—6 Al 66,690 
Fe—24 Cr-6 Al 53,400 
Ni—13.5 Mo—6 Cr—1.8 Ti—1 Al—1 Cb 43,300 
INOR-8—Ni-—16 Mo-—7 Cr—5 Fe 51,400 


Cyclic tests at low stress levels resulted in 
premature failure of the INOR-8 at 2000°F in 
two out of three tests. The reason for this was 
not determined. 

At 2300°F the Fe-Cr-Al alloys exhibited areas 
where selective attack was very severe. Fail- 
ures, or breakdown of the protective scale, of 
this nature have been observed in the commer- 
cial use of such alloys and are usually attribut- 
able to some contaminating influence. 

(E. S. Bartlett) 
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Aqueous Corrosion of Magnesium Alloys 


Workers of Argonne National Laboratory 
(ANL) have been studying the corrosion of mag- 
nesium alloys in 300°F water.'®'® Autoclave 
tests were used to study effects of alloying and 
inhibition upon corrosion rate. It has been ob- 
served that aluminum additions change the cor- 
rosion process of magnesium in such a manner 
that what would ordinarily be cathodic additions 
to magnesium alloys (copper, nickel, etc.) 
are beneficial to the corrosion resistance of 
magnesium-aluminum alloys. The best experi- 
mental alloys investigated, magnesium—2.5 to 
5 wt.% aluminum—0.5 to 1 wt.% copper, 0.8 to 
1.2 wt.% tin, are about twice as corrosion re- 
sistant as commercial AZ31 (3 wt.% aluminum — 
1 wt.% zinc). However, the best corrosion rates, 
1.6 mils/day, are still high. 

Through inhibition with the fluoride ion (about 
10 ppm Fis optimum), rates of corrosion can 
be reduced to about 0.4 mil/day. However, ina 
static, unreplenished system, depletion of the 
fluoride ion by reaction with magnesium occurs 
at a rate of 32 mg of F per day per square 
decimeter of reacting surface. In fluoridated 
water, the Mg(OH), corrosion product is absent. 

(E. S. Bartlett) 


Oxidation of Yttrium 
and Yttrium-containing Alloys 


Recent alloy-development work has stimulated 
interest in the metal yttrium. Since yttrium is 
highly reactive, hot working is best accom- 
plished by canning the metal. Copper has been 
used for this purpose but is difficult to remove, 
since reaction between yttrium and water ne- 
cessitates the use of concentrated acid solution. 

Ames Laboratory workers" have studied the 
effects of yttrium additions in amounts up to 
10 wt.% to chromium, niobium, molybdenum, 
tantalum, titanium, vanadium, and zirconium 
metals and to vanadium-chromium alloys. Sig- 
nificant improvement in oxidation resistance 
was noted in the case of chromium, and possibly 
titanium, alloys. In a 21-day 930°F air expo- 
sure, the weight gain of chromium was reduced 
from 2.4x 10~? mg/cm’ to 0.4 107 mg/cm? 
by the addition of 1 wt.% yttrium. Exposure to 
570°F water for 21 days resultedin0.12 mg/cm’ 
weight gain for unalloyed chromium and 0.04 
mg/cm’ for the chromium —1 wt.% yttrium alloy. 
(E. S. Bartlett) 


REACTOR’ CORE MATERIALS 


Corrosion by Liquid Metals and Fused Salts 


Included in the annual progress report" by 
Atomics International are reviews of various 
investigations concerned with corrosion by re- 
actor coolants. During the period covered, the 
Sedium Reactor Experiment (SRE) was operated 
routinely with a peak sodium temperature of 
1000°F. From the viewpoint of corrosion, the 
performance was particularly gratifying. For 
example, continuous checks of zirconium sam- 
ples exposed in the primary coolant stream in- 
dicated a very low oxidative weight gain, demon- 
strating that the oxygen level in this circuit is 
being well controlled by the zirconium-filled 
hot trap. In addition, sodium samples were ex- 
tracted periodically from both the primary and 
secondary systems and were examined for 
contaminating metallic elements. Only minor 
changes in nickel, iron, and chromium content 
were found. 

Laboratory investigations of type 304 stainless 
steel in carbon-saturated sodium have demon- 
strated that sodium-exposed reactor-system 


components can operate at 1000°F for extended 


periods without excessive carburization (the 
present tolerance being carburization to an ef- 
fective depth of 2 per cent of the wall thickness 
and a total carbon content in this zone of 0.15 
per cent). Thin (58 mils being a standard) in- 
termediate heat-exchanger sections can operate 
for one year in the 1000°F carbon-saturated 
liquid-metal environment without approaching 
the above tolerance. Although 10-mil fuel- 
element claddings would absorb excessive car- 
bon in a year, fuel-element life is not this long. 

In addition to studying austenitic stainless 
steel for sodium applications, Atomics Inter- 
national has been seeking alternative contain- 
ment materials, lower in cost but equal in 
performance. It is reported that a chromium- 
molybdenum ferritic steel (described only as 
Al 3301) has shown exceptional promise. The 
material has exhibited good resistance to corro- 
sion and decarburization in dynamic sodium test 
systems at 1000°F. Furthermore, its strength 
and forming properties seem to be equivalent, 
if not superior, to those of type 304 stainless 
steel. 

Also presented is information yielded by 
corrosion-test specimens exposed in the core of 
the Organic Moderated Reactor Experiment 
(OMRE) and specimens exposed in out-of-pile 
tests under similar conditions (600°F, flow 
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velocity of 0.3 to 0.5 ft/sec). After eight months 
of reactor exposure, during which the accumu- 
lated dosage was 9 x 10'* nvt thermal and 2.8 x 
10°° fast, there was no evidence of radiation- 
induced damage to materials such as type 1020 
carbon steel, types 304 and 410 stainless steel, 
AISI 4130 alloy steel, andaluminum. These ma- 
terials displayed good to excellent resistance 
to corrosion by the organic coolant in both in- 
pile and out-of-pile tests. Magnesium, both ir- 
radiated and unirradiated, displayed some pitting 
and general attack. 

In other out-of-pile tests conducted in auto- 
claves where test pieces are rotated in a bath 
of fluid, various materials are being exposed to 
organic moderator coolants of the polyphenyl 
type to isolate effects of blanket and decomposi- 
tion gases on corrosion. Evaluations are made 
at temperatures ranging from 575 to 750°F for 
approximately 700 hr. Of the structural mate- 
rials tested (including copper, ferrous materi- 
als, aluminum, etc.), all except magnesium, 
zirconium, and zirconi1m-base alloys exhibited 
good resistance to corrosion under nitrogen, 
argon, hydrogen, and a mixture of hydrogen, 
methane, and ethane. The attack of zirconium 
materials as weil as that of bare-metal fuels 
proved to be sensitive to the application of a 
hydrogen cover gas. 

At Oak Ridge, several Inconel and INOR-8 
pump loops have operated well over one year 
with the 53 mole % NaF-—46 mole % BeF,-—1 
mole % UF, salt mixture at temperature levels 
between 1300 and 1100°F. This activity is as- 
sociated with the Molten Salt Reactor Program. 
A recent progress report'® states that the in- 
spection of one such long-life Inconel loop re- 
vealed hot-zone void-formation type attack rang- 
ing from 18 to 38 mils. The cold area displayed 
slight pitting but no metallic deposits. Results 
from a directly comparable INOR-8 system are 
not yet available. However, past information 
from Oak Ridge would generally indicate that 
INOR-8 is superior to Inconel for fluoride-salt 
containment. 

Also under study is the behavior of graphites 
exposed to various molten fluoride salts to as- 
certain the utility of unclad graphite as a moder- 
ator in a molten-salt reactor system. Although 
graphite is unattacked by such salts, there are 
problems associated with the penetration of salt 
in the pores of graphite bodies. For example, 
such penetration could result in cracking during 
. freezing-melting cycle owing to the high ex- 


pansion of the salt upon melting. In experi- 
mental work? it has been found that various 
salt-exposed graphites react differently, some 
bodies suffering complete penetration and others 
virtually no penetration at all. In some cases, 
partial penetration of test bodies occurred, but 
subsequent thermal-shock tests failed to induce 
cracking or spalling, indicating that there may 
be some latitude in allowable penetration. 

American Standard*'** has conducted a basic 
investigation of mass transfer by sodium in the 
1000 to 1600°F range. The general objective is 
to accumulate a fund of data, examine it in the 
light of existing mass-transfer theories, and de- 
velop new theories, if necessary, to predict cor- 
rosion and mass transfer under service condi- 
tions. In an initial phase, experiments were 
conducted with monometallic (type 316 stainless 
steel) thermal-convection loop systems which 
had a number of specimens suspended along the 
sodium flow circuit. Careful weight determina- 
tions of these specimens before and after expo- 
sure provided primary data. Fluid tempera- 
tures in the specimen locations were closely 
controlled and well monitored by appropriate 
thermocouples. 

Experiments were conducted with sodium at 
a peak temperature of 1600°F, at minimum tem- 
peratures in the 1200 to 1300°F range, and cold- 
trapped to 50 ppm oxygen. In the low-velocity 
systems under study, mass-transfer rates ap- 
pear to be controlled by both hot- and cold-zone 
processes. Also, there is evidence that circu- 
lating solids are involved in the mass-transport 
phenomenon. (J. H. Stang) 


Radiation Effects 
in Nonfuel Materials 


Basic Studies 


Meechan and Sosin’ have reported studies of 
the release of stored energy in pure copper at 
20 to 40°K following irradiation with 1.2-Mev 
electrons below 20°K. They found that the en- 
ergy associated with a Frenkel pair is 5.4 + 
0.8 ev (for a value of 3.6 pohm-cm per at.% 
Frenkel defects), which is in good agreement 
with theoretical estimates. 

Stage I recovery (14 to 65°K) of electron- 
irradiated high-purity copper was shown by 
Corbett et al.,”4 using resistance measurements, 
to consist of at least five substages: /,, 14 to 








24°K; Ip, 24 to 28.5°K; J, 28.5 to 33°K; Ip, 33 
to 48°K; /,, 48 to 65°K. J, and J, (and also /, 
by inference) appear to be caused by close-pair 
recovery. Activation energies for recovery are 
E,=0.5+0.01 ev, E, =0.085+0.01 ev, and 
Ec = 0.095 +0.01 ev, assuming 3.0 pyohm-cm 
per at.% defects. Considerations are given to the 
relation of the close-pair spectrum to specific 
interstitial-vacancy configurations, using elas- 
ticity theory. It was concluded that /, and J, 
represent recovery due to free diffusion of 
interstitials, with activation energy for motion 
Ey = 0.12 + 0.005 ev. The migrating interstitial 
interacts with vacancies, traps, and other in- 
terstitials, leading, in the latter case, tocluster 
formation. Previous work on copper appears to 
be consistent with the above description of 
Stage I recovery. 

Elastic-modulus measurements!® on anneal- 
ing, following electronirradiation of copper near 
80°K, have revealed regions of discontinuity 
believed to be due to defect migration corre- 
sponding, at —5 and +85°C, to Stages III and IV 
in electrical-resistivity recovery. A region at 
—45°C does not correspond but is believed tobe 
due to migration of Stage III defects located 
close to dislocation lines as a result of their 
motion through the lattice during bombardment. 
Electron damage in cold-worked copper wire 
(up to 92 per cent reduction in area), irradiated 
near 80°K, showed a rate of damage increase 
as much as 300 per cent of that of annealed 
samples. This phenomenon was attributed to the 
persistence of an increased number of symmet- 
ric interstitials in cold-worked samples at 80°K, 
created by conversion of mobile crowdions into 
immobile interstitials. Recovery differences in 
Stage III are believed to be due to excess con- 
centration of vacancies created by preirradia- 
tion cold work. Recovery data on electron- 
irradiated m type InSb indicate several stages 
with separate thresholds. 

Makin?® has studied the temperature depend- 
ence of the flow stress of copper irradiated to 
10°° nvt at 100°C, finding a sharp yield drop on 
slight straining at, say, 20°C after deformation 
at -195°C. This is explained on the basis ofthe 
collapse, during high-temperature deformation, 
of groups of dislocations piled up at low tem- 
perature behind radiation-produced obstacles 
responsible for lattice hardening. Atkinson 
et al.”® found an increase in the scattering of 
X-rays at small angles from recrystallized 
polycrystalline copper on irradiation with fast 
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neutrons (8 x 10'* nyt). The results appear tobe 
due either to true small-angle scattering by 
small coherent regions of about 100 Aindiame- 
ter or to doubie Bragg reflections from large 
lattice strains associated with newly formed 
dislocations or clusters of interstitials. Small- 
man and Westmacott”’ made direct observations 
of damage in neutron-irradiated aluminum, 
by thin-film electron-transmission microscopy, 
showing the existence of dislocation loops, 
jogged dislocations, and spiral dislocations in 
agreement with theory. Cavities were found in 
annealed alpha-irradiated copper. 

A significant review of the problems and 
present status of the theory of radiation effects 
was presented by Brooks” in introducing the 
recent Conference on Radiation Effects in Semi- 
conductors. Simmons and Balluffi*® discuss de- 
fect models in terms of measurements of 
bulk length change, AL/L, and X-ray lattice- 
parameter change, AA/A, during irradiation 
and after recovery. Previous data*”*! on length 
changes and lattice-parameter changes in ger- 
manium single crystals irradiated with 10.2 Mev 
deuterons at 25 and 85°K were compared with 
the proposed models. Comparatively simple 
models consisting of clusters of vacancies and 
clusters of interstitials are probably consistent 
with experiment. 

In a study by Wechsler and Kernohan™ of the 
neutron irradiation and annealing of alpha-phase 
copper-aluminum alloys, a radiation-induced 
solid-state reaction causing a decrease inelec- 
trical resistivity was observed at 25 to 45°C 
but not at —120°C. In the latter case, however, 
subsequent annealing above —50°C produces the 
decrease in resistivity. Several explanations 
are discussed, including short-range order due 
to diffusion-rate enhancement by increased 
vacancy concentration, clustering of aluminum 
at radiation-induced vacancies, migration of 
vacancies to solute atoms, and introduction of 
annihilation sites for defects. 

Ells and Perryman®® examined samples of 
beryllium irradiated in the MTRtoanintegrated 
fast-neutron flux of 10” nvt (below 100°C) and 
annealed at various temperatures. They showed 
decreases in density of 0.8 and 20 per cent after 
annealing 1 hr at 595 and 990°C, respectively. 
About 23 cm* of neutron-induced gas per cubic 
centimeter of metal was evolved, largely He‘ by 
analysis, the reaction being mainly (n,2n) cap- 
ture. Void formation was confirmed by metallo- 
graphic analysis; the voids appear to contain 
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He! under sufficient pressure to deform the 
metal plastically at the annealing temperatures. 
Samples of irradiated beryllium from the same 
source, exposed to about 7.6 x 10"! nvt and con- 
taining about 10 cm? of helium per cubic centi- 
meter, were also studied by Rich et al.,*4 with 
similar results as to bubble growth and density 
change. Irradiated beryllium is very brittle, 
even above room temperature, and this may be 
enhanced by the presence of large bubbles in 
grain boundaries. After 1 hr at 600°C, electron 
micrographs showed fine-scale pitting of some 
grains (presumably bubbles of helium) which 
coarsened and coalesced on further heating, the 
temperature dependence suggesting a vacancy- 
diffusion process. Bubble formation in irradi- 
ated beryllium oxide following heat-treatment 
was demonstrated by Frisby et al.,*® using elec- 
tron micrographs of fracture surfaces. 

Hanford***" reported no microstructural 
changes in neutron-irradiated zirconium, tita- 
nium, molybdenum, copper, iron, and Zircaloy- 
2. However, increases were observed in lattice 
parameter and in X-ray line breadth. In the 
case of zirconium, the line-breadth increase 
was anisotropic; this effect was explained as 
being due to extended defects similar to stacking 
faults. 

The theory of radiation-induced changes in 
metals is discussed in a Russian article.* 

(C. M. Schwartz) 


Effects of Irradiation 


on Mechanical Properties 


Survey articles on irradiation effects in fer- 
rous materials have appeared both in the United 
States*® and in Great Britain.“° Also, the re- 
cently published Volume V of the 1958 Second 
Geneva Conference Proceedings“! contains a 
number of papers dealing with the effects of 
neutron irradiation on the properties of metals. 
Work done at Oak Ridge,*!* primarily on ferritic 
steels, and data‘! on the irradiation perform- 
ance of metals during six years of service in 
the MTR are summarized. 

Harwell findings on the mechanism of irra- 
diation hardening are presented,“ providing 
technological information for reactor construc- 
tion. These data center mainly on steels, al- 
though some attention has been given to other 
metals. Neutron effects, as influenced by grain 
size in mild steel and by temperature in poly- 
‘rystalline copper, suggest that two basic 


irradiation-hardening processes are (1) locking 


of dislocation sources and (2) an increase inthe 
lattice resistance to dislocation movement. 


The Russians? have studied the effects of 
neutron irradiation at temperatures ranging 
from 80 to 600°C on the mechanical properties 
of iron-, nickel-, and zirconium-base alloys. 
Table IV-1 shows that, for these alloys, (1) ir- 
radiation at 80°C increases the strength and 
decreases the ductility, (2) changes are similar 
but less pronounced with increasing irradiation 
temperature, and (3) irradiation at 300°C to an 
integrated flux of 2.4 x 10" fast neutrons/cm’ 
produces an increase in yield strength, whereas 
much higher doses at 600°C cause a loss in 
yield strength in several of the materials. Data 
shown in Table IV-2 indicate that the mechanical 
properties of the ferritic steels saturated at 
a dose in the neighborhood of 5 10"* fast 
neutrons/cm’, whereas the properties (including 
ductility) of the 18-9 stainless steel failed 
to level off, even with exposures up to 10”° 
fast neutrons/cm’. The —100 to +300°C impact 
strengths of zirconium, zirconium —0.5 wt% tan- 
talum, zirconium—1 wt.% niobium, zirconium — 
2.5 wt.% niobium, and a composition close to 
that of Zircaloy-2 were not changed radically by 
4 10'* fast neutrons/cm’, the worst case being 
about a 50 per cent reduction for zirconium -— 
2.5 wt.% niobium. Studies on copper, aluminum, 
and magnesium indicate that irradiation up to 
5 x 10”° fast neutrons/cm’ decreased the internal 
friction by as much as 60per cent. The critical- 
stress amplitude (related to the critical resolved 
shear stress) was raised by a factor of at least 
10 as a result of exposures above 10" fast 
neutrons/cm’, which is about the same as the 
effect produced by several per cent of plastic 
deformation. Correlation of the above with find- 
ings from studies on single-crystal and poly- 
crystalline zinc indicated that the critical-stress 
amplitude is closely associated with the begin- 
ning of dislocation movement along slip planes 
of favorably oriented grains. 


More recent Russian data” on steels irradi- 
ated at fluxes on the order of 10*° fast neutrons/ 
cm? up to 600°C are presented in Table IV-3. 
At both room and elevated temperatures, the 
usual irradiation strengthening was observed. 
In the case of normalized 1Kh17 +1 wt.% ni- 
obium, the ductility was reduced about 50 per 
cent. Annealing this steel at 350 C appeared to 
restore most of the ductility. 








Table IV-1 


REACTOR CORE MATERIALS 


EFFECT OF IRRADIATION TEMPERATURE ON THE MECHANICAL 


PROPERTIES OF SOME METALS*"4 


Irradiation conditions 














Yield strength 


Tensile strength, (0.2% offset), 


Elongation, 





ag kg/mm? kg/mm? h 
Temp., Exposure, 10'8 ke/ B/ = : i 
Material and condition 5 fast neutrons/cm’ * Before After Before After Before After 
18 Cr—9 Ni-—Ti stainless 80 1,4 66 74 24 44 65 55 
steel, quenched 300 2.4 71 73 26 42 64 50 
380 5.2 67 31 60 
470 3.5 75 29 52 
600 4.4 76 76 32 27 62 70 
18 Cr—12 Ni-—2 Mo-Ti 80 100 67 85 30 67 70 45 
stainless steel, quenched 300 7 69 79 35 36 60 57 
and stabilized at 850°C for 470 10 70 30 55 
2 hr 600 ll 76 71 33 28 48 51 
14 Cr—14 Ni—3 Mo—Nb 80 50 67 89 25 67 50 29 
stainless steel, quenched 300 3.7 68 74 25 29 56 52 
20 Cr—40 Ni—4 (W + Nb) 80 100 76 95 43 63 39 25 
alloy containing 0.1% C, 300 2.5 82 86 42 50 39 28 
quenched 470 3.5 81 86 38 40 38 36 
600 4.4 80 87 44 50 39 35 
Nickel (Ni + Co, 99.71%; Cu, 80 1.4 39 53 14 41 37 34 
0.03%; Fe, 0.04%; Mg, 300 2.4 36 46 14 31 
0.04%; Mn, 0.03%; Si, 300 7 36 58 14 41 31 22 
0.08%; C, 0.04%), annealed 380 5.3 49 32 33 
at 700°C for 2 hr 
Low-carbon steel (C, 0.2%; 80 1.4 75 82 46 71 22 15 
Mn, 0.5%; Si, 0.2%; Cr, 300 2.4 77 100 48 68 23 17 
0.2%), normalized at 880°C 
Zirconium, annealed for 30 80 3 30 33 16 22 35 26 
min at 650°C 300 4 26 3f 15 22 34 25 
Alloy of zirconium with 0.5% 80 100 32 51 21 49 34 ll 
Ta, annealed for 30 min at 300 4.1 38 49 28 44 35 18 


650°C 


The effect of neutron irradiation on some 
ferritic steels has been investigatedin Canadian 
work*!© at Chalk River. As indicated in Table 
IV-4, irradiations of 10'* to 10”° fast neutrons/ 
cm’ at 50 to 100°C increase the strength and 
decrease the ductility. Use of subsize speci- 
mens showed that the ductile-brittle transition 
temperature was raised significantly (by 50 to 
200°C) and the maximum absorbed energy was 
lowered somewhat by theirradiation. The prop- 
erties seemed to approach saturation as a 
function of dose more rapidly for the ferrites 
than for the A-201 mild steel. 

The French"'! have studied the effect of low- 
level neutron irradiation (on the order of 3 x 10° 
fast neutrons/cm’) at 40 to 50°C on the proper- 
ties of some aluminum- and magnesium-base 
alloys. Table IV-5 indicates that the irradiation 
caused significant decreases in the ductility and 


hysteresis loss, along with increases in yield 
strength, of three magnesium-base alloys. The 
ultimate tensile strength of sintered magnesium, 
1B, was lowered somewhat by irradiation, even 
up to 500°C (as indicated in Fig. 16), but no 
significant changes in elongation were noted. Ir- 
radiation of SAP 865 aluminum produced an 8 
per cent decrease in elongation, a 5 per cent 
increase in yield strength, a 4 per cent increase 
in hardness, and little change in the ultimate 
tensile strength. The transition temperature 
between ductile and brittle fracture was es- 
sentially unchanged for magnesium, raised about 
100°C for magnesium—0.6 wt.% zirconium, 
raised about 50°C for ZW1, and lowered about 
50°C for sintered magnesium. The maximum 
impact strengths were either unchanged or de- 
creased by about 10 per cent. By subjecting 
samples to alternating torsions, it was found 
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Table IV-2 


EFFECT OF IRRADIATION AT 80°C ON THE MECHANICAL PROPERTIES 


OF CERTAIN MATERIALS*"@ 





Tensile 
strength, 


Exposure, 10"? 
Material 





18 Cr—9 Ni-—Ti 65 
stainless steel 0.3 72 
1.4 74 

100 100 





Steel 83 
(C, 0.22%; Mn, 0.48%; Si, 1.4 85 
0.30%; Cr, 3.3%; Ni, 1.0%; 10 
Mo, 0.38%), quenched and 23 
tempered at 650°C 49 


Low-carbon steel 


Nickel 


Zirconium 


Alloy of zirconium with 
0.5% Ta 





that the irradiation lowered the modulus of ri- 
gidity, over the range 10‘ to 10° cycles, about 
8 per cent for SAP 865 and increased it about 
5 per cent for ZW1. (B. C. Allen) 


Selected Metallurgical Aspects of 
Cladding and Structural Materials 


Niobium 


Armour Research Foundation,“ reporting on 
the niobium-oxygen system, has indicated the 
existence of two intermediate oxides, NbO and 
NbO,. These oxides melt without decomposition 
at 1945 and 1915°C, respectively. Eutectic re- 
actions exist between niobium and NbO at 1915°C 
and between NbO and NbO, at 1810°C. A peri- 
tectic reaction occurs between NbO, and Nb,O; 
at 1510°C. The maximum solubility of oxygen 
n niobium is 0.72 wt.% (at 1915°C). In the 
_ niobium-carbon“ system, two carbides are re- 

. ported to exist, hexagonal Nb,C with a limited 


fast neutrons/cm? kg/mm‘ 


Perce 
Yield strength _ Elon- ercentags change in 


(0.2% offset), gation, 
kg/mm? ‘ 





Tensile Yield 


point 


Elon- 


strength gation 


24 
37 +11 
44 55 +14 
92 < +54 
67 
75 
110 
116 
102 
103 
46 
70 
101 
113 
111 
14 
34 
41 
73 
16 
26 
34 


21 


49 


range of homogeneity, and cubic NbC with a 
solubility range from 8.25 to 10.25 wt.% carbon. 
Dilute alloys freeze by eutectic reaction at 
2230°C. The solubility of carbon in niobium is 
0.80 wt.% at the eutectic temperature, decreas- 
ing rapidly withdecreaseintemperature. There 
is metallographic evidence of a peritectic reac- 
tion between Nb,C and NbC. 


Quenched structures of zirconium-niobium 
systems can be divided into three groups, ac- 
cording to Case Institute of Technology.‘**® Group 
I (0 to 6 per cent niobium) is martensitic alpha. 
A coherent form of omega appears in the 
quenched structure of Group II (7 to 16 per cent 
niobium). Group III, greater than 17 per cent 
niobium, consists of retained beta plus small 
amounts of a tetragonal phase. 

(J. A. DeMastry) 


Tantalum 


Ames*® states that the amount of tantalum 
that dissolves in molten rare-earth metals ap- 
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CLADDING AND STRUCTURAL MATERIALS 


Table IV-4 EFFECT OF NEUTRON iRRADIATION ON THE MECHANICAL 
PROPERTIES OF SOME FERROUS ALLoys*™ 


Ductile 
Integrated brittle 


neutron flux Yield strength Ultimate tensile transition 
(> 500 ev), (0.2% offset), strength, Elongation, temp., 
Materia! 10'* neutrons /cm* 1000 psi 1000 psi K °C 


ASTM A-201: 
As hot-rolled 


Annealed 6 hr at 260°C 
Annealed 6 hr at 335°C 


US Navy HY-65: 
Normalized and tempered 


Austempered and tempered 
Quenched and tempered 


Experimental ferrites: 
Unalloyed 


3.25% nickel 


.5% manganese 


.0% chromium 


0.5% molybdenum 


pears to be more of a function of time at tem- Yttrium 
perature than was previously supposed. Results 


46 , , ‘ 
ese shows below: Ames” has studied various yttrium systems. 


In the lanthanum-yttrium system, a single-phase 
area occurs at 52 to 58at.Qyttrium. This phase 
has the samarium structure, with a = 6.687 A 
and c = 27.10 A, indexed on a hexagonal cell. It 
appears to decompose at 625°C. In the yttrium- 
copper system, the compounds YCu (body- 
centered cubic, a =3.54 A), YCu, (hexagonal, 
a='7.41 A, c =5.84 A), YCu, (hexagonal, a = 
9.99 A, c = 8.55 A), and YCu, (hexagonal, a = 
(J. A. DeMastry) 6.83 A, c = 4.07 A) were observed. 


Time, Temp., Tantalum, 
Metal min i at. % 


Dysprosium 1500 0.27 
Dysprosium 1500 0.67 
Thulium 1600 1.02 

‘hulium 1600 1.51 








REACTOR CORE MATERIALS 


Table IV-5 


EFFECT OF NEUTRON IRRADIATION ON THE ORDER OF 3 * 


10'® FAST NEUTRONS/CM? 


ON THE PROPERTIES OF THREE MAGNESIUM-BASE ALLOys*" 


Property Magnesium 
Ultimate tensile strength, 
kg /mm? 
Per cent change 


0.2% yield strength, 
kg/mm? 
Per cent change 


Elongation, % 
.Per cent change 


Reduction of area, % 
Per cent change 


Hysteresis loss during unloading, 
mj/cem? 
Per cent change 


Elastic modulus, 10° g/mm? 
Per cent change 


° 
*Unloading from a stress of 3.2 kg/mm‘. 
+Unloading from a stress of 20 kg/mm’. 
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Figure 16 —Effect of irradiation to 3 x 10'® neutrons/ 
cm’, E > 100 ev, on the ultimate tensile strength of 
sintered magnesium (1B)asa function of temperature. 
—@®, control samples. ----x, irradiated samples.*'! 


General Electric'’ also reports on yttrium 
phase systems. In the yttrium-beryllium sys- 
tem, a compound YBe,, with a lattice parameter 
ay= 10.24 A was identified. The yttrium- 
titanium system shows a eutectic at 12 wt.% 
titanium and 1350°C. In the yttrium-zirconium 
system, a eutectic at 56 wt.% yttrium and 1385°C 
is reported. The maximum solubility of zirco- 
nium in yttrium solid solution was approximately 
2 wt.% zirconium. Table IV-6 shows the re- 
ported physical constants of yttrium metal. 

(J. A. DeMastry) 


ZW1 (magnesium—1.5 wt. 


Magnésium —0.6 wt.% zirconium zinc—0.7 wt.% zirconium 


22.3 


+3 to +11 


16.8 

+8.5 to +16.5 
23.5 

-—8 to—ll 


45.1 
21 


Selected Mechanical Properties of 
Cladding and Structural Materials 


Zirconium Alloys 


The long-term (10,000 hr or more) creep 
properties of 15 per cent cold-worked Zircaloy- 
2 sheet material are being investigated at 
Battelle.‘’ Temperature, stress, and deforma- 
tion data are given in Table IV-7. On the basis 
of the data available, the stresses at three test 
temperatures which will give a minimum creep 
rate of approximately 0.000005 per cent per 
hour for the 15 per cent cold- worked Zircaloy-2 
are as follows: 


Temp., 
°F Stress, psi 


550 30,500 
650 17,500 
750 7,500 


Additional work is in progress to determine the 
effect of cyclic temperature conditions on the 
creep properties of both 15 per cent cold-worked 
and annealed Zircaloy-2 sheet and to determine 
the long-time creep properties of annealed 
Zircaloy-2 sheet. 

The effect of residual work on the creep of 
Zircaloy-2 is being investigated at Hanford.” 
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CLADDING AND STRUCTURAL MATERIALS 


Table IV-6 PHYSICAL CONSTANTS OF 
YTTRIUM METAL" 


Property Value Reference 
Crystal structure Hexagonal close ISC-702 
packed 
Lattice parameter, A: 
ao 3.6474 + 0.0007 
Co 5.7306 = 0.0008 
Crystal density, D,: ISC-702 
g/cm 4.472 
ib/ft? 279.2 
Melting point, 2822 to 282¢ ISC-702 
tentative, °F 
Boiling point, 5840 ISC-702 
estimated, °F 
Vapor pressure, 
mm Hg: 
2732°F 0.01 
2480°F 0.0001 
Heat of fusion, 4.1 ISC-702 
estimated, 
kcal/mole 
Heat of vaporization, 
kcal/mole: 
Estimated 94 ISC-702 
Calculated 80 ISC-757 
Thermal conductivity, 6.9 + 0.2 GE 
Btu/(hr)(ft)(° F) 5.95 + 0.3 BMI 
7.25 + 0.3 BMI 
11.06 0.3 BMI 
Mean coefficient, a, 54 BMI 
10°/°F at 70—392°F 
Linear thermal 
expansion, 
107 / F: 
70—752°F 5.96 BMI 
70—1112°F 6.52 BMI 
70—1742°F 7.31 BMI 
70—339°F 4.64 GE 
70—725°F 5.44 GE 
70—1178°F 5.89 GE 
70—2001°F 7.02 GE 
Heat capacity, 6.01 ISC-702 
estimated, 
cal/(mole)(* F) 
Electrical resistivity, 69 +3 107% GE 
ohm-cm at 70°F 
Compressibility, 2.96 * 
10~* cm? /kg at 70°F 
*‘*Progress in Low Temperature Ph II, Int 


ience Publishers, New York, 1957. 


ests were run in vacuum at stress levels of 
21,000, 18,000, and 13,000 psi at 750° F on speci- 
mens which had been cold-worked 25 and 45 per 
ent, respectively. Results 
1owed higher creep 1 
old-worked specimens than for 25 per 
iaterial, although initial elongations were lower 
yr the 45 per cent samples. 


J 


of 2700-hr 
the 45 per cent 


fox 


tests 


cent 


43 
Table IV-7 CREEP PROPERTIES OF 15 PER CENT 
COLD-WORKED ZIRCALOY-2 AT 20, 345, AND 400° aT 
Deforma- 
tion, * 
Minimum a oad Te 
Speci- Stress, creep rate, Load time, 
men psi o/hr Final off hr 
290°C (550 F) 
TA-17 37,500 0.00006 1.280 . 8,500 
7-2-2 35,000 0.000016 0.948 0.636 15,007 
7-2-3 30,000 0.000004 0.549 0.289 13,262 
7-3-1 25,000 0.000002 0.395 ).189 13,424 
7-3-2 20,000 <0.000001 0,291 0.129 13,241 
745°C (650° F) 
7-2-1 25,000 0.000035 1.141 . 15,500 
eS 20,000 6.000010 0.553 0.385 13,107 
7-4-1 15,000 < 0.000003 0.342 0.225 12,018 
100°C (750°F) 
7-4-3 15,000 0.00006 1.317 ° 13,000 
7-A-5 12,500 0.00004 0.890 . 11,000 


7-A-6 10,000 0.000015 0.570 * 9 500 


*Test is in progress 


A summary of information obtained on low- 
cycle strain-fatigue properties of vacuum- 
melted Zircaloy-2 has been compiled at Bettis. '° 
Flat unnotched and notched specimens were 
tested at both room temperature and 600 F 
Results of these tests indicate a relatively large 
difference between the stress-fatigue properties 
of the unnotched and notched specimens at room 
temperature. However, little difference in the 
stress-fatigue properties was noted for various 
types of notched specimens tested at room tem- 
perature and at 600 F. Theimpact properties of 
welded vacuum-melted Zircaloy-2 were also 
determined*® as a function of notch direction and 
heat-treatment at room temperature, 300 F, 
and 600°F. As-welded Zircaloy-2 showed 
lower capacity to absorb impact energy prior to 
fracture than did annealed Zircaloy-2. The im- 
pact energy required for fracture increased 
rapidly with increasing test temperature 

Battelle is determining the creep-rupture 
properties of Zircaloy-2 in steam and argon 
atmospheres to compare the effects of corrosion 
media on creep. Sheet specimens have been 
tested at several.stresses in 750 F, 500-psi 
steam. Rupture occurred after 680 hr at a 
stress of 17,500 psi. 

The mechanical properties of 12 zirconium- 
base alloys have been determined at room tem 
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perature and 1050°F by Atomics International. "*® 
These properties are given in Table IV-8. 


Nickel Alloys 


The fatigue properties of Inconel have been 
studied at Battelle.*® Axial-load fully alternating 
fatigue tests were performed inthe temperature 
range of 1300 to 1500°F at frequencies of 6 and 
60 cycles/min. The data obtained indicate that 
fatigue strength, whether based on stress, total 
strain, or plastic strain, is a function of both 
temperature and frequency. The lifetime range 
at 1500°F and 6 cycles/min was found tobe 1350 
to 17,240 cycles for stresses ranging from 
25,000 to 17,000 psi. Increasing the frequency 
to 60 cycles/min increased the lifetimes by a 
factor of about 4. 

Possibilities for improving the high- 
temperature strength properties of three nickel- 
ba.e alloys after fabrication of sheet material 
were reviewed by Oak Ridge.*! Tensile and 
creep data were presented for Inconel, Hastelloy 
B, and INOR-8. Depending on the material and 
service conditions, improvements in strength 
can be brought about by any of three treatments: 
(1) annealing or aging, (2) carburization, and 
(3) environmental control during service. Car- 
burization appears to produce the greatest in- 
crease increep strength. Nitriding and oxidizing 
environments have also been shown to improve 
the creep strength, but to a lesser degree than 
that obtained by carburization. 


Stainless Steels 


Oak Ridge”? is studying the effects of gaseous 
environments on properties of type 304 stainless 
steel. Sheet specimens 0.060 in. thick were 
tested in creep at stresses which produced 
rupture in approximately 7000 hr at1500 F. The 
creep rates of specimens tested in air were 
considerably less than those of specimens tested 
in CO. However, the 1500 F fatigue life of the 
material was found to be much shorter in air 
than in argon. 

A compilation of physical and mechanical 
properties of nine commercially important 
precipitation-hardenable stainless steels is pre- 
sented by Roberts et al.” Three types of 
Stainless steels are covered in the report: 
1) martensitic (Stainless W and 17-4 PH), 
(2) semiaustenitic (17-7 PH, PH 15-7 Mo, AM 
350, and AM 355), and (3) austenitic (A-286, 
17-10 P, and HAM). 


CLADDING AND STRUCTURAL MATERIALS 


Other Metals 


A recent compilation of various physical and 
mechanical properties of tantalum at room and 
elevated temperatures has been published.” 
Tensile properties of tantalum sheet are given 
for the temperature range —320 to 2700 F, and 
tensile properties of tantalum rod are given for 
—320 to 750 F. 

Tensile and fatigue tests™ were carried out 
over a temperature range from —300 to 1800 F 
to explore the possible effects of interaction 
between interstitial atoms and dislocations on 
fatigue behavior or recrystallized molybdenum 
containing small amounts of interstitial ele- 
ments. The endurance limit of the material was 
found to decrease proportionally with the de- 
crease in ultimate strength in the temperature 
range from room. temperature to 1100 F. The 
ultimate strength of the material decreased 
rapidly from —170 to 400° F and then showed a 
much more gradual decrease. (F. R. Shober) 
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Melting and Fabrication 


Aluminum-uranium alloys containing uranium 
in quantities of 25 wt.% or more are difficult to 
cast because of their affinity for hydrogen, their 
widely separated liquidus and solidus tempera- 
tures, and the presence of a high-density ura- 
nium compound (UAI,) during cooling from the 
liquidus to the solidus temperature. The re- 
jection of the hydrogen during cooling and solidi- 
fication can lead to porosity. The high-density 
compound, present over a wide temperature 
range while the material is mushy, leads to 
alloy inhomogeneity. 

The recrystallization of heavily cold-rolled 
(80 per cent reduction in area) uranium sheet 
was the subject of a study recently reported by 
Argonne.! The changes noted in mean expansion 
coefficients upon annealing were interpreted to 
indicate that three different preferred orienta- 
tions could be developed upon recrystallization: 
(1) an orientation the same as that of the as- 
rolled sheet, resulting from long times at tem- 
peratures of 360°C or lower; (2) an orientation 
that was the result of moderate times at tem- 
peratures between 400 and 600°C; and (3) an 
orientation that accompanied grain coarsening 
at 650°C. 

The new source book on uranium technology, 
by Harrington and Ruehle of Mallinckrodt,’ ably 
updates and reviews the melting, casting, and 
fabrication of uranium and some of its alloys. 

A rather terse Russian paper presented at 
Geneva’ reports on experience in the fabrica- 
tion of zirconium-base alloys. Of particular 
interest was the method of piercing a solid 
ingot. In this process, a copper disk was placed 
over the area where the punch would enter the 


ingot. The copper prevented galling and resulted , 


in an in-place inner sheath (useful for sub- 
sequent drawing to small-diameter tubing). A 
4-in. (100-mm)-diameter ingot was pierced 
(1-in.-diameter ram) at 650 to 750°C with an 
applied force of approximately 60 to 70 metric 
tons. 
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Du Pont claimed significant progress in the 
fabrication of Zircaloy.‘ In an experimental 
extrusion made by Harvey Aluminum, the fea- 
sibility of producing very thin-walled tubes 
(approximately 3 in. OD) with integral internal 
ribs was demonstrated. 


The processing of metals with high melting 
points for potential use in high-temperature 
reactors as fuel-bearing or structural ma- 
terials continues. A review of the status of 
fabrication processes for niobium was presented 
in a memorandum from the Defense Metals 
Information Center (DMIC).° Unalloyed niobium 
is easily fabricated cold with conventional tools 
to avoid galling if precautions are taken when 
extreme-pressure processes are used. Effective 
precautions include the use of smooth die finishes 
and proper lubricants. Solid-solution alloys 
usually exhibit the cold-working qualities of un- 
alloyed niobium, but to a lesser degree. For 
hot-working operations, the metal must be pro- 
tected from the atmosphere by suitable cladding 
materials (steels or molybdenum). 


Yttrium is another material that is receiving 
an increasing amount of attention for high- 
temperature reactor applications. A very timely 
and up-to-date reference® on this material pre- 
sents the properties, chemistry, and metallurgy 
of yttrium, as well as phase diagrams of the 
known alloy systems. At this stage in its de- 
velopment, the processing (melting and fabrica- 
tion) resembles that followed for zirconium, 
since it too has poor oxidation resistance in air 
at elevated temperatures. (E. L. Foster) 


Cladding 


Roll Cladding and Cladding by Swaging 


Argonne’ has completed the fabrication of 815 
ALPR type fuel elements. The fuel plates 
consisted of an aluminum-clad aluminum-base 
alloy containing 17.5 wt.% highly enriched ura- 
nium, 2 wt.% nickel, and 0.5 wt.% iron. Fabri- 
cated plates of M-388 aluminum alloy were used 
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to prepare components for roll cladding of the 
fuel plates by the picture-frame technique. 


Argonne employed the aluminum-silicon eu- 
tectic to aid in the bonding of fuel plates of the 
ALPR type. In this technique, fine silicon 
powder is placed between the bond interfaces, 
and the assembled components are hot pressed 
at 600°C at 1000 to 2000 psi. Under these con- 
ditions, molten aluminum-silicon alloy is pro- 
duced which removes surface oxides that affect 
bonding. Compacts bonded in this manner are 
hot and cold rolled to final size. 

Zircaloy and stainless-steel-clad aluminum- 
plutonium and aluminum-cored elements are 
being fabricated at Hanford® by swage sizing. 
Elements containing aluminum-plutonium cores 
3 ft in length have been fabricated by this tech- 
nique for in-pile tests in the ETR. 

Zircaloy-clad uranium dioxide fuel elements 
are being prepared at Hanford’ by cold packing 
of rod type elements followed by swaging. The 
30-mil-thick Zircaloy cladding is normally re- 
duced 42 per cent in cross-sectional area during 
swaging. Zircaloy-clad fuel rods containing 
tamp-packed or vibratory-packed uranium di- 
oxide are reduced from 0.750 in. ODto 0.563 in. 
OD in three swaging passes. Hardness meas- 
urements of the cladding revealed that the 
hardness of the Zircaloy increases more during 
swaging than is normally observed for an 
equivalent reduction by rolling of sheet stock. 

(E. S. Hodge) 


Pressure Bonding 


A bonding technique involving the use of gas 
pressure at elevated temperatures is being in- 
vestigated for the cladding and joining of fuel 
elements and assemblies. In this technique the 
components are fabricated to final size and 
assembled into a container which is then sealed 
to form a gastight envelope, or they are fusion 
welded to form a gastight assembly. The sealed 
assembly is then subjected to relatively high 
external gas pressures at elevated tempera- 
tures. Intimate contact is obtained through 
plastic flow. The deformation is limited to the 
amount necessary to bring all components into 
intimate contact. 

The mechanism and kinetics of a pressure- 
temperature bonding process of the type in- 
volved in gas-pressure bonding are being in- 
vestigated at Battelle.*'® Most of the studies 
nave been concerned with the self-bonding of 


OFHC copper. Specimens bonded for 10 min at 
1100 F at 10,000 psi exhibited no voids or grain 
growth at the interface. The bond interface, as 
examined metallographically, resembleda grain 
boundary. After a 2-hr anneal at 1900 F, small 
voids were formed in the bond interface. An 
extended anneal of 26 hr at 1900 F produced a 
growth of the void diameter and some grain 
growth across the bond interface. Evidently, 
grain growth is restrained by factors other than 
impurities present at the interface. It is antici- 
pated that a higher concentration of vacancies 
is present at the interface than at normal grain 
»oundaries. Silver was found to diffuse along the 
interfacial boundaries to a greater extent than 
along normal grain boundaries 

The gas-pressure-bonding process is being 
investigated for the preparation of Zircaloy-2- 
clad compartmented UO, flat-plate fuel ele- 
ments’ for the PWR. Zircaloy-2 strips and UO, 
plates are assembled and covered with Zircaloy 
plates. The assembly is then fusion edge welded 
to form a gastightenvelope. This sealed assem- 
bly is then bonded at 1550 °F for 4 hr using a 
helium-gas pressure of 10,000 psi. - Techniques 
for component preparation and gas-pressure 
bonding have been optimized, and a process has 
been established which produces excellent bond- 
ing with no core reaction. Gas-pressure tests 
designed to evaluate bond integrity of individual 
compartments have been conducted on 166 con- 
secutive individual compartments without a bond 
failure. 

The simultaneous densification and cladding 
of UO, with stainless steel is being investigated 
by Sylvania.''’'* The study has involved the 
cladding of sintered UO, pellets and the cladding 
and densification of cold-compacted pellets and 
cold-tamped UO, powder. Sintered pellets were 
clad with stainless steel utilizing a gas pressure 
of 12,000 psi at 1200 C for 1 hr. Mechanical 
interlocking was observed between the cladding 
and UO, core. Defects in the UO, were trans- 
mitted to the stainless steel during the cladding 
operation. A follow-up swage or drawing treat- 
ment to remove defects produced severe lami- 
nations in the UO,. Lower pressures and tem- 
peratures were investigated in an effort to 
decrease surface imperfections; however, when 
these were reduced significantly, intimate core- 
to-cladding contact was not obtained. 

Cold-compacted pellets of relatively high den- 
sity were also investigated. A high green density 
was desired in order to eliminate or reduce the 
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tendency toward pleating in the stainless-steel 
cladding during the pressure-bonding operation. 
However, some difficulty was experienced from 
crumbling of the UO, during the cold-pressing 
operation. Results obtained with tamped UO, 
powders are very promising. The powders were 
alternately loaded and tamped into a stainless- 
steel tube with a pressure of 40 tsi. The pres- 
sure bonding of the tamped powder produced a 
uniform flow of the cladding; however, the clad- 
ding still exhibited a tendency toward pleating. 


Battelle is also investigating the gas- 
pressure-bonding process for the cladding and 
densification of ceramic, cermet, and dispersion 
fuel.*'°'3 Uranium dioxide powder was readily 
cold compacted to densities above 70 per cent 
of theoretical. Several special dense grades of 
UO, powder were cold pressed to densities 
exceeding 80 per cent. It was also possible to 
hand tamp some of the powders to a density 
above 70 per cent of theoretical. In all the 
studies, commercial grades of UO, in the as- 
received condition were utilized. Several of 
the cold-pressed powders were densified to a 
density approximating 95 per cent of theoretical 
by: treating them at temperatures of 2100 to 
2200 °F with an external gas pressure of 10,000 
psi. 


Studies have also been initiated to investigate 
the feasibility of preparing, by pressure bonding, 
flat-plate stainless-steel-clad UO, assemblies. 
Preliminary results indicate that the processis 
feasible and amenable to close dimensional con- 
trol. 


The gas-pressure-bonding process is being 
utilized by Battelle for the self-bonding of nio- 
bium and molybdenum. *» The studies include 
the evaluation of various surface preparations, 
investigation of barrier materials that can be 
utilized as spacers for the bonding of multiple 
fuel elements or fuel assemblies, and the de- 
velopment of optimum pressure-bonding pa- 
rameters. The best surface preparation for 
niobium was found to be an acid treatment con- 
sisting of a 1-min dip in a solution of 65 parts 
nitric acid and 35 parts water at 120 F. The 
optimum surface preparation for molybdenum 
was a treatment with concentrated nitric acid 
under a cover of kerosene. Window glass was 
found to be the best relative barrier material 
for both niobium and molybdenum. Satisfactory 
bonds were produced with the niobium system 
at 2100°F and 10,000 psi for 3 hr and with the 


molybdenum system at 2300 F and 10,000 psi 
for 3 hr. (S. J. Paprocki) 


Coextrusion 


« The coextrusion of cladding on fuel materials 
serves to protect the fuel from rapid corrosion, 
prevent the reaction products from entering the 
cooling system, and help prevent extensive 
irradiation-induced growth of the fuel."* This 
cladding is metallurgically bonded to the fue! 
The principal physical variables in extrusion 
are pressure, extrusion constants of the ma- 
terials, reduction, temperature, lubrication, 
and flow shape. The principles governing the 
successful coextrusion of metallic fuel elements 
are: comparable component stiffnesses, pre- 
shaping of components, cleanliness of com- 
ponents, streamline flow, and complete lubrica- 
tion. 


Uranium fuel elements clad with Zircaloy and 
with integral end seals of Zircaloy were fabri- 
cated by Nuclear Metals’® by the coextrusion 
process. Research and development efforts pro- 
duced successful end closures, uniform cladding, 
and metallurgical bonds. Details have been de- 
veloped for (1) the breakdown of large-diameter 
stock by primary extrusion for use as billet 
components and (2) the fabrication of long lengths 
of clad rod 0.630 in. and 1.000 in. in diameter. 


Investigations are being conducted at Savannah 
River and Nuclear Metals* '®'’ to determine the 
feasibility of fabricating clad UO, by coextrusion 
At Savannah River Laboratory, aluminum-clad 
rods 0.525 in. in diameter, with final UO, den- 
sities less than 80 per cent of theoretical, wer« 
extruded. (C. B. Boye: 


Extrusion Cladding 


Atomic Energy of Canada, Ltd.,'® discussed th 
extrusion cladding of uranium with aluminum 
using right-angle tools (ram moves perpen 
dicular to fuel element during cladding). One of 
the difficulties encountered was the entrapment 
of air in the die when the cylindrical aluminum 
billets were first upset in the die cavity. The air 
would subsequently emerge as a blister in the 
aluminum cladding, sometimes causing a hol 
through the cladding. The problem was over 
come by modifying the die so that the cavit 
could be evacuated before the billets were upset 

The cleanliness of the uranium, particularly 
with respect to oil films on the surface, was 
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found to be an important factor affecting the 
quality of the product. A method based on the 
fluorescent properties of cutting oil was de- 
veloped for detecting traces of oil on a uranium 
surface. (H. J. Wagner) 


Nonelectrolytic Chemical-plating Techniques 


Interest in coating reactor-core materials by 
nonelectrolytic chemical methods continues to 
increase. Coating of seed particles by vapor 
deposition in a fluidized bed forms the basis of 
a one-step continuous process developed at 
Argonne’® for the preparation of spherical UO, 
particles by hydrolysis of UF,. With a reaction 
temperature of 600°C and a threefold to sixfold 
excess of steam and hydrogen, high-density (near 
10 g/cm’) UO, particles were grown at a con- 
version rate corresponding to about 35 lb of 
uranium per hour per square foot of column 
cross section. 

The fluidization characteristics of UO, par- 
ticles in columns of various design were studied” 
in preparation for determining the feasibility of 
depositing zirconium-metal coatings on UO, 
particles by vapor-deposition reactions. In a 
feasibility study of a fluidized-bed nuclear re- 
actor, Martin”! explored electroless nickel coat- 
ing aS a means of imparting erosion resistance 
to spherical particles of UO,. The deposition of 
pyrolytic carbon was suggested as an alternative. 

Improved tungsten coatings on extended sur- 
faces have been obtained at the National Bureau 
of Standards” by the hydrogen reduction of tung- 
sten hexafluoride. Similar work has been re- 
ported in a recent general news release by the 
U. S. Bureau of Mines. 

A method is described”’ for coating uranium 
with a less reactive metal, such as chromium, 
nickel, or copper, by displacement from a halide 
of the metal dissolved in an anhydrous fused- 
salt bath of more stable halides. 

Uniform coatings of calcium were applied to 
nickel and Inconel sheet by arc spraying at 
Battelle.“ However, coating adherence was less 
than desirable. Improved bonding was obtained 
in brief exploratory work with the plasma jet. 
However, problems in nonuniformity remained 
to be solved. (J. M. Blocher, Jr.) 


Ceramic Coatings 


Battelle® '® is conducting preliminary trials 
01 a technique for cladding UO, fuel particles 
with a compacted shell of sintered Al,O,. Clad 


particles in the size range -12 +18 mesh were 
tested for cladding integrity by heating in air at 
1200°F for 5 hr. The weight gain observed was 
equivalent to the oxidation of 0.14 wt.% of the 
UO, in the pellets. 


Narmco Industries”® is investigating thermite 
type compositions for use as adhesives in the 
bonding of stainless steel. The stainless steel 
being used is 17-7 PH. The procedure consists 
of ball milling metal and oxides in isopropyl 
alcohol, drying, and then applying the mixture 
as a layer between two strips of stainless steel. 
The specimens are then heated in air to a tem- 
perature sufficient to cause a reaction to take 
place. Typical mixtures initially contained mag- 
nesium, cuprous oxide, and stannous oxide or 
boron and vanadium pentoxide. The best results 
have thus far been obtained with the latter mix- 
ture, with which it was possible to make lap- 
shear specimens having a strength of 1000 psi at 
room temperature. (B. W. King) 


Explosion Forming 


Explosion forming is a metal-forming tech- 
nique which utilizes the high rate of energy re- 
lease obtained from the detonation of a high- 
explosive charge to force the workpiece against 
an appropriate die. The explosives most com- 
monly used are TNT, RDX, and PETN. Each of 
these has a reaction time of only a few mil- 
lionths of a second, and each develops shock 
waves which travel at thousands of feet per 
second. 


It is now generally accepted that, under ex- 
plosive pressures, metals move through the 
elastic into the plastic range and take permanent 
set in a few millionths of a second.”* Severa! 
research programs pertaining to the feasibility 
of explosion forming have disclosed that, in spite 
of the facts that the process produces work 
hardening’"’** and that the ability of a metal to 
be formed by explosives is a direct function of 
its inherent ductility, the process has definite 
advantages. For example, an explosive force 
distributes itself far more uniformly than the 
forces in a conventional forming die, thus per- 
mitting an even penetration of the workpiece into 
the die contour.”* Explosion forming has proven 
particularly successful in expanding cylindrical 
shapes to close tolerances and aerodynamic 
smoothness’* and is the only process by which 
many brittle metals can be formed.*’ The proc- 
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ess is quite economical for the production of a 
limited number of parts where the cost of con- 
ventional tooling would be excessive, and it is 
readily adaptable to the forming of extremely 
large pieces that would require forces beyond 
the capabilities of available equipment. Tests on 
small-scale specimens can provide data for 
larger scale production with almost 100 per 
cent accuracy.*! Explosives can also be used 
for extruding,” swaging,** compacting,** and 
welding.”’ 

A study of the adaptability of Zircaloy-2 to 
explosion forming has been concluded by Na- 
tional Northern for Bettis.*° Thirty-two speci- 
mens, of which 16 were 0.082 in. thick and 16 
were 0.042 in. thick, were formed to determine 
the maximum amount of deformation possible 
without rupturing the workpiece. The charge and 
its location were varied during this study. The 
results revealed that Zircaloy-2 sheet can be 
formed explosively to the same extent that it can 
be formed by conventional techniques. 

A limited study was conducted with regard to 
the effects of explosion forming on the dimen- 
sional stability, corrosion resistance, and mi- 
crostructure of aformed Zircaloy-2 sheet. This 
revealed that thickness variations were within 
+0.002 in. and that the microstructure (alpha- 
annealed Zircaloy-2 structure) was unaffected 
by explosion forming. The corrosion resistance, 
however, was somewhat better after forming 
than before. Visual examination revealed that 
the surfaces were extremely smooth, with a 
black, lustrous corrosion film. 

Lockheed workers®® have been investigating 
the fundamentals of explosion forming, to de- 
termine its potential for the fabrication of sheet- 
metal components. Studies were conducted on 
0.025-in.-thick Vascojet-1000 sheet, using cyl- 
inders of Composition C-3 for the charge. The 
technique consisted of placing a flat metal blank 
over the cup-shaped 4130 steel die (hardened to 
Rc 35-38) and detonating the charge in air 
above it at the desired standoff distance. 

Results showed that the same depth of draw 
could be obtained at different standoff distances, 
provided the weight of charge was varied ac- 
cordingly. However, close standoff distances 
with smaller charges produced more symmetri- 
cal cup shapes than heavier charges at greater 
distances. Asymmetries inthe shock-wave form 
are more pronounced at the greater standoff 
distance with heavier charges and result in ir- 
regularly formed cups. It was found that, by 


using a paper coffee cup to direct the force of 
the blast, an increase of approximately 50 per 
cent in draw depth could be obtained at a given 
standoff distance. 

In further tests*’ the temperature of the work- 
piece was measured, and water was used as a 
transfer medium. Constantan ribbons 0.002 in. 
thick and '/,.in. wide, attached to the workpiece 
at various distances from the center, served as 
thermocouples. When an 8-g charge was deto- 
nated 4 in. above the workpiece, the peak tem- 
peratures measured were: 


420 F 
670 F 
360°F 


Workpiece center 
’, in. from center 


1 in. from center 


When water was used as a transfer medium, the 
amount of work performed by a given charge 
was increased. Also, immersion of the die, 
workpiece, and explosive charge in the water is 
safer since the water acts as a shock dampener 
and forms no toxic or irritating compounds with 
high explosives.** The annealed Vascojet-1000 
formed during this testing was evaluated metal- 
lurgically and was found to exhibit normal work- 
hardening characteristics. 

A summary of all explosion-forming testing 
by Lockheed has been prepared.** Elongation 
measurements on cups produced in free-forming 
tests showed that, within the range of velocities 
and strain rates achieved during the testing 
(velocities of 278 to 796 ft/sec), the maximum 
elongations at fracture were substantially less 
than elongations obtained by slow-speed forming 
methods. It was therefore concluded that, al- 
though explosive forming could be used to form 
sheet-metal components of the materials tested, 
it was not a suitable process for deep drawing 
them. The fatigue properties of explosively 
formed coupons were found to be inferior to 
those of unformed sheet. However, there were 
no other observable changes in the metallurgical 
characteristics of the material tested. 

An attempt was made to correlate the work of 
Clark and Wood on critical impact velocities to 
explosion forming. It was found, however, that 
in most sheet-metal forming systems the criti- 
cal impact velocity of the material cannot be 
used directly as the limiting forming velocity. 
The latter must be determined in each case 
since it is a function of several parameters, 
including the critical impact velocity and the 
geometry of the body. Actually, velocity is mis- 
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leading as a parameter of explosion forming; 
strain rates should be used when discussing 
rate of metal movement. (C. C. Simons) 


Welding and Brazing 


A recent Oak Ridge report’® summarizes 
studies on nickel-base alloys designated INOR-8 
which are not age hardenable. The composition 
of INOR-8 is 17 wt.% molybdenum, 7 wt.% chro- 
mium, 5 wt.% iron, and the rest nickel. This 
alloy and Hastelloy alloys B and W were de- 
posited in '-in. plate weldments for use in 
aging and mechanical-property studies. After 
1000 hr at 1200 F, or 200 hr at 1100, 1200, 
1300, and 1500" F, no age hardening was observed 
in INOR-8 weldments. The room-temperature 
ultimate tensile strength and elongation were 
not affected by aging for 500 hr at1200°F. Both 
of the Hastelloy alloys exhibited undesirable 
‘for the intended application) age hardening 
when exposed to similar thermal cycles. 


As part of a study by Atomics International,‘ 
the weldability of high-temperature zirconium 
alloys has been studied. These alloys contained 
additions of aluminum, tin, and molybdenum at 
the 1.5 and 3 wt.% ievels. Bend specimens from 
inert-gas-shielded tungsten-arc weldments ex- 
hibited ductility meeting the requirements of the 
ASME Pressure Vessel Code. The specimens 
of all alloys could be bent 180 deg around an 8T 
radius. The tensile properties of the various 
alloys are shown in Table V-i. Although some 
loss in ductility was exhibited by the various 
alloys, this change does not appear tobe serious 
for any of the alloys. Additional studies in- 
volving more suitable annealing treatments 
might produce weldment ductility comparable 
to the base-material ductility. 

Further studies of electron-beam welding of 
zirconium at Bettis have shown that no change 
in composition occurs in the weld metal pro- 
duced by this process.* Extensive hardness 
and microstructural observations have shown 
that these characteristics are quite similar in 
electron-beam welds to the characteristics of 
conventional gas-shielded fusion welds. 

Studies by various investigators‘'*? to com- 
pare the effects of argon and helium shielding 
of welds in zirconium and hafnium indicate nu 
difficulty in substituting argon for helium. The 
data compiled in Fig. 17 show the comparative 
penetration and weld widths of welds made in 


the two gases at several current levels. Partof 
the deviation from linear behavior results from 
the use of a constant reference voltage system, 
and part from the heat-transfer characteristics 
of the samples used to obtain the data. 

(R. E. Monroe) 





Table V-1 TENSILE PROPERTIES OF ZIRCONIUM 
ALLoys* 
Yield Elon- 
strength Ultimate gation 
Composition (0.2% tensile in 
(balance Zr), offset), strength, 2 in., 
wt. Condition 1000 psi 1000 psi 
1.5 Al—1.5 Sn Base metal 87.5 101.4 13 
As welded 91.0 110.8 8.5 
Welded and 92.6 108.9 10.2 
annealed 
1.5 Al—3 Sn Base metal 103.0 114.5 13 
As welded 101.7 117.6 9.7 
Welded and 104.0 117.0 8.4 
annealed 
1.5 Al—1.5 Mo Base metal 115.5 121.6 8.5 
As welded 109.4 9 7 
Welded and 114.3 121.2 8.0 
annealed 
3 Al—1.5 Sn Base metal 118.3 133.4 11.0 
As welded 122.2 134.2 13.5 
Welded and 122.7 132.4 12.5 
annealed 
3 Al—3 Sn Base metal 122.3 136.8 3.0 
As welded 124.0 137.1 6.5 
Welded and 122.8 132.2 2.0 
annealed 
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Figure 17—Depth and width of weld puddle vs. am- 
perage.! , helium depth. ———, helium width. 
—-—, argon depth. ----- , argon width 


Nondestructive Testing 


The development of nondestructive-testing 
techniques and application to the inspection of 
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reactor fuel materials is receiving an increas- 
ing amount of attention. Most prominently em- 
ployed are ultrasonic, eddy-current, radiogra- 
phy, and radiation detection methods (references 
4, 7, and 43 to 48). Several novel modifications 
of standard techniques are reviewed here, as 
well as a new scheme for detecting fission- 
product leaks from fuel elements. 

A “double-pulse” adaptation of eddy-current 
methods*® has been applied by Argonne to meas- 
ure the electrical conductivity of metals. The 
probe is designed with two coils. The pulsedin- 
put is applied to the outer coil anddetected with 
the inner coil. Because the mutual inductance 
is a function of probe-to-surface spacing and 
metal conductivity for long pulses, but only 
probe-to-surface spacing for short pulses, it is 
possible to measure the conductivity by com- 
paring alternated short- and long-pulse signals. 
Metal conductivities can be measured to +1.0 
per cent abs. with stabilities of better than 0.01 
per cent. 

Ultrasonic pulses have been generated suc- 
cessfully in a nonmagnetic metal by electro- 
magnetic means. The reported work of Han- 
ford®:®° describes the generation of these pulses 
with a “send” coil powered by ahydrogen thyra- 
tron driver at one end of an aluminum sample 
and detected at the opposite end by a coil ina 
magnetic field. 

A method of detecting fuel-element leaks is 
being studied at Battelle.°' This technique is 
based upon the pickup and detection of activity 
in a halide-exchange column attached to the 
primary coolant stream. An. investigation is 
being made of retention and decontamination ef- 
ficiencies of silver halide exchange columns for 
application in a high-pressure water-cooled 
reactor. 

An evaluation of the Lamb Wave method for 
bond testing AlSi canned fuel elements is being 
made at Hanford.” A wide-frequency-band ul- 
trasonic generator and transducers have been 
developed to avoid the selective attenuation of 
narrow-band Lamb Waves. Marked variation of 
amplitude of narrow-band signals at particular 
plate thicknesses is thereby diminished. Ta- 
pered barium titanate send- and receiver- 


crystals operated on a 10- and 5-Mc center 
frequency exhibit suitable wide-frequency re- 
sponse. Coupling to the plate is made by placing 
the transducers on a beveled edge, the angle 
determining the amplitude and order of excited 
modes. 


REACTOR CORE MATERIALS 


Experimental studies of eddy-current methods 
of measuring metal temperatures have been 
extended by Hanford to the measurement of 
transient temperatures in thin sheets.** Brass 
sheets 0.001 and 0.022 in. thick were positioned 
hear a flat coil and rapidly heated with electric 
currents. The rise inresistivity with increasing 
temperature was detected by coil (driven at 100 
kc) whose output was displayed on a cathode- 
ray tube. The resulting time-temperature wave 
trace showed the rate of temperature rise with 
time measured from the start of heating-current 
application to the sheets. Temperature changes 
in the order of 100°C in 100 msec were clearly 
measured. Although the experimental arrange- 
ment functioned very well in the laboratory, 
adapting the technique in practice presents many 
difficulties. An ultimate goal of this work is to 
measure temperature gradients in metals by the 
use of multiple eddy-current frequencies. 

(D. R. Grieser) 
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